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Abstract 
 
This study explores possibilities of obtaining of unique self-assembled, nanofibrillar 
structures from amphiphilic hyperbranched molecules on solid surfaces.  To achieve this, we 
explore the multifunctional properties of hyperbranched polymers which are determined by 
the nature of the end groups and structure of the chemical composition of the core unit. We 
established that the combination of hydrophobic interactions and multiple hydrogen bonding 
events added to the dendritic core structure is responsible for stable assembling into 
nanofibrillar morphology at the air-water interface at both the nano and at microscales and 
determined compositional boundaries of this phenomenon.  
 
The core-shell architecture of the amphiphilic dendritic molecules suggested here 
provides exceptional stability of one-dimensional nanofibrillar structures.  The critical 
condition for the formation of the nanofibrillar structures is the presence of both alkyl tails 
in the outer shell as the hydrophobic component and either amine or carboxyl groups in the 
shell as the hydrophilic component.  The multiple intermolecular hydrogen bonding and 
polar interactions between flexible cores stabilize these nanofibers and make them robust 
against surface pressure and solvents.  Moreover, discovered assembled nano-fibers formed 
by hyperbranched polymers have been used for templating of silver nanoparticles via growth 
from water subphase. We observed that hyperbranched polymers scaffolds can create 
aligned nanoparticle arrays, and also effectively control size of the particles to about 3 nm.  
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Chapter 1 
Self-assembly for nanotechnology applications 
 
1.1. Introduction 
Nanotechnology is a field of engineering and manufacturing of integrated circuits, 
microprocessors, and microsensors with almost molecular precision which entirely relies on 
an extensive body of research in self-assembly which will potentially enable continued 
device miniaturization and chip performance improvements.1 Molecular self-assembly 
(MSA), the approach where materials are assembled molecule by molecule to produce novel 
supramolecular architectures, has a number of advantages as a strategy to build structure and 
function on the nanometer scale such as:  
 
Miniaturization. Individual molecules can act as nanometer scale electronic 
components incorporated as functional structures on microchips. A single organic 
molecule can be designed to combine several functional groups, and act as a 
multifunctional element.2  
 
Synthetic versatility. Properties of organic molecules can be finely tuned by the 
slightest changes in chemical structure. Organic molecules suitable for MSA are 
precisely controlled by chemical synthesis and can be produced in large amount. 
Macromolecular building blocks can incorporate biological structures directly as 
components in the final systems.3 
 
Industrial adaptability. Because MSA formation is guided thermodynamically, it 
tends to produce most stable structures that are relatively defect-free and self-
healing.4 Recent studies have shown that self-assembly techniques can be 
successfully combined with traditional microchip production techniques, like 
photolithography and vapor deposition, for the fabrication of highly complex 
devices.5 
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Future utilization of the advantages of MSA requires a deep understanding of 
individual molecular building blocks and their structures, assembly properties and dynamic 
behaviors, and the new highly developed synthetic chemistry techniques.1,6 However, in 
spite of extensive research, it is still difficult to predict how the different chemical 
derivatizations of the molecules affect the processes of specific molecular orientation, 
alignment, and selective attachment to substrate, all critical for the formation of large scale 
ordering.  
1.2. Macromolecular architectures self-assembly 
In the beginning of the 20th century the term “self-assembly” was first used to 
describe spontaneous aggregation of molecular systems, based on lipids, which associate in 
a manner that minimizes hydrophobic and lipophilic interactions of polar and non-polar 
moieties.7 Since then, liposomes have been studied as model structures of self-assembly as 
they are considered the simplest self-organizing molecular structures. Today, the field of 
supramolecular chemistry has adopted the term self-assembly in order to describe the 
phenomenon of molecules coming together in a specific fashion to produce the formation of 
a higher complexity then is precisely defined at the molecular level.8,9  
 
A variety of supramolecular architectures can be assembled with simple amphiphilic 
molecules as shown in Figure 1-1. The properties of these aggregates are directed by 
specific chemical and physical properties of the molecules (e.g. crossectonal mismatch, 
hydrogen bonding). The theory of self-assembly of hydrocarbon amphiphiles proposed by 
Israelachvili links geometric constraints and non-covalent interaction free energies of 
individual surfactant molecules in a geometry equation of a structure that can be self-
assembled by these molecules.10,11 Self-assembly of biological templates set proper 
dimensions and internal structures of the final materials. The synthesis of natural structures 
occurs in ambient conditions in aqueous solution, and the shape and physical properties of 
the final product is always specific to particular species. 12 Recent studies show that protein 
assembly into supramolecular structures that interact with inorganic components has become 
an inspiration for new self assembled materials for microelectronics.  
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Figure 1-1. Supramolecular architectures on the surface built from a) simple 
amphiphilic molecules in solution, into: b) continuous planar bilayer, c) continuous planar 
monolayer, d) hemicylindrical vesicle, e) spherical micelle.  
 
High molecular weight surfactants, which are comprised from both polar and 
hydrophobic fragments also can self-assemble to form ordered nanostructures by the 
coordination of molecules similar to low molar weight surfactants.13 This broad group of 
surfactants includes polymers with various architectures such as linear, star, hyperbranched, 
and dendritic, as shown in Figure 1-2.14,  
 
Figure 1-2. Key geometrical types of amphiphilic polymers: linear, star polymer, 
hyperbranched polymer, and dendrimer.13 
 
For the last decade, a variety of linear polymers were employed as self-assembled 
functional materials.15 It has been shown that the influence of the polar end groups on the 
properties of a linear polymer is, at a sufficiently high molecular weight, negligible. The 
alternative approach was to develop linear polymers with multiple functionalities by the 
selection and modifications of backbone or side chains containing functional units.13,16,17 
a 
 
c d 
e 
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These functional polymers, however, are always heterogeneous, and their components and 
the location of functional groups are not well defined. Furthermore, the construction of a 
controlled microenvironment around functional sites in linear polymers is near-impossible 
due to the entanglement property of polymer chains and dramatic increase of polymer 
viscosity for higher molecular weights. 18 
 
Alternatively, branched macromolecules are considered perspective components for 
robust self-assembled materials.19  A key advantage of highly branched multifunctional 
molecules is their capability to take on a much higher number of non-covalent interactions 
with their neighbors and high accessibility of the end groups for intermolecular interactions 
(Figure 1-2).  Complexity of interactions gives the advantage of higher stability, compared 
to traditional low molecular weight amphiphiles like soap or lipids. At the same time, tuning 
of multiple interaction parameters of these molecules presents a great challenge.  
 
1.3. Design of highly branched molecules 
As has been discussed above, it is anticipated that some of the drawbacks of linear 
polymers might be ameliorated by the use of highly branched polymers. It was first 
predicted by Flory in 1952.20 More than 30 years passed before such highly branched 
molecules were synthesized.21,22 These highly branched molecules, such as dendrimers and 
hyperbranched polymers, introduced in 80s-90s combine the properties of polymers as well 
as small discrete molecules. The strong interaction between the number of terminal groups 
compared to corresponding linear polymers is an essential feature of these molecules.23,24  
 
Dendrimers are built via the stepwise approach to macromolecules with a branch-on-
branch structure, resulting in monodisperse polymers of unprecedented structural precision 
(Figure 1-3). The term "dendrimer," which is derived from the Greek words dendron, 
meaning tree, and meros, meaning part, was introduced in 1984.25 Dendrimers are typically 
well-defined globular macromolecules constructed around a core unit. During synthesis, 
each successive reaction step leads to an additional "generation" of branching.26 
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Figure 1-3. Dendrimer construction. 27 
 
Dendrimers exhibit narrow polydispersity (<1.05), which means that all the 
molecules possess virtually the same structure, composition, and molecular weight.  Lower 
generation dendrimers usually have oblate discotic conformation, however generation four 
and higher dendrimers usually adopt a globular shape in solution. Shape-persistency and 
sterical constraints at high molecular weight limit application of dendrimers for surface 
modification.,28  The specific geometry of the core structure or so called “unimolecular 
micelle” organization, gives enough space to encapsulate guest molecules which opens wide 
perspective for the drug delivery.29 However industrial applications are is restricted by 
extremely high cost and scarce availability of dendrimers.  
 
Hyperbranched polymers, on the other hand, have attracted increasing attention 
owed to their unique properties, greater availability, and lower cost as compared to 
dendrimers. Unlike dendrimers, hyperbranched polymers exhibit a broad molecular weight 
distribution and lower degree of branching due to the statistical growth process. 
Hyperbranched polymers are synthesized in a single step and have highly branched 
structures but lack the monodispersity and well-defined structures of perfect dendrimers.30  
However easier synthesis, high solubility, and low viscosity make them useful in fields such 
as coating, modifiers, and plasticizers.31 Hyperbranched polymers usually could be subjected 
to a variety of surface modification reactions.32 A recent spike in the number of publications 
Core 
3rd generation unit 
2nd generation unit 
1st generation unit 
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in this area can be explained interest in new prospective roles of hyperbranched polymers as 
functional materials. 16,33  
 
Hyperbranched polymers are usually prepared by polycondensation of AB2 
monomers and the resulting polymers have a branched structure consisting of dendritic units 
(D), fully incorporated monomers, terminal units (T) having the two A-groups unreacted, 
and linear units (L) having one A-group unreacted (Figure 1-4). The linear segments are 
typical for hyperbranched polymers but not for dendrimers, and they are generally described 
as defects. To characterize imperfect hyperbranched structure Fréchet et al. coined the term 
degree of branching (DB) in 1991 and defined it by: DB=(D+T)/(D+L+T)34. The degree of 
branching is the most addressed parameter for hyperbranched polymers.  Most 
hyperbranched polymers exhibit a degree of branching close to 0.45 according to the 
literature;34 dendrimers, on the other hand, are composed only of dendritic and terminal 
units, and therefore degree of branching is close to 1.0.  
 
 
 
 
 
 
 
 
Figure 1-4. Structure of a highly branched polymer.  
 
1.4. Functional hyperbranched polymers 
The hyperbranched structure of the polymers leads to some characteristic properties, 
such as a relatively compact shape and absence of entanglements, in pronounced contrast to 
linear polymer chains. The end groups have been demonstrated to be easily accessible for 
chemical modifications and the nature of the end groups has been found to determine the 
thermal and physical properties of the hyperbranched polymers to a great extent.  During the 
B 
B 
B 
B 
B 
B 
B 
Focal 
point 
Dendritic 
unit 
Linear 
unit 
Terminal 
unit 
B 
BA 
Monomer AB2 
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past two decades, a wide variety of highly branched polymers with different cores, branches, 
and end groups have been synthesized. 15,23,21,24,35,36 Such polymers provide a new controlled 
environment for chemical and physical events and opportunities required for achievement of 
higher capacity in selectivity, efficiency, recognition, and other functionalities.37  
 
Most recent job offers for highly branched molecules include nanoscale catalysts and 
reaction vessels, micelle mimics, magnetic resonance imaging agents, immuno-diagnostics, 
agents for delivering drugs into cells, chemical sensors, information-processing materials, 
high-performance polymers, adhesives and coatings, separation media, and molecular 
antennae for absorbing light energy and funneling it to a central core.38 Hyperbranched 
molecules have proved to be promising materials for chemical sensors as well. 34,36 Selective 
absorption of the volatile organic compounds and freons in sensitive layers of 
hyperbranched polymers with differences in hydrophilic/hydrophobic properties 
demonstrate new prospectives for these polymers.39  
 
Because of poorly defined molecular shape, high PDI (>1.4) and irregular branching 
hyperbranched polymers are expected to behave as common amorphous polymers with poor 
ability to form self-assembly. However, some chemical modification can lead to ordered 
structures. E.g. several papers have described how that both liquid crystalline and crystalline 
structures can be made by the attachment of crystallizable end groups.40 Hult et al. have 
described semi-crystalline hyperbranched aliphatic polyesters with the crystallinity induced 
by the attachment of long alkyl chains as end groups.41 The crystallization was affected by 
the length of the end groups and the molecular weight of the hyperbranched polyester. The 
crystallization was proposed as being either intra- or intermolecular depending on the size of 
the hyperbranched polyester onto which the alkyl chains were attached. Sufficiently long 
alkyl chains resulted in a semi-crystalline polymer exhibiting a first-order, melt transition as 
determined by DSC. Percec et al. have described the possibility of making hyperbranched 
polymers which exhibit liquid crystalline behavior as well.42 This group has described 
hyperbranched polyethers based on an AxB monomer having both a spacer and a terminal 
group containing mesogenic aromatic groups.  
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Hyperbranched polyesters certainly are considered the most suited type for 
demonstrating the peculiarity, properties, and application aspects of hyperbranched 
polymers.43 It has been shown that ordering of the SAMs fabricated from amphiphilic 
hyperbranched polyesters and are strongly dependant on the molecular weight of the core 
and the degree of substitution with alkyl groups.44  However, very little is known about 
general relationships in structure of hyperbranched polymer molecules prior to this research 
taking place.  
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Chapter 2 
General discussion 
 
2.1. Goal and objectives 
The focus of this work is to explore and understand the mechanisms that govern self 
assembly of hyperbranched molecules at interfaces and to develop methods of engineering 
ordered surface structures for functionalized dendritic macromolecules.  Therefore, the first 
step in this research is to synthesize a series of hyperbranched molecules with variation of 
shell structures and explore effects of chemical composition on their self assembly on solid 
substrates.  The second step of this study is to explore supramolecular organization of the 
molecules and test their ability to serve as templates for further molecular engineering. The 
ultimate outcome of this research will allow macromolecular subunits with desired specific 
functionality to be readily designed for a guided self-assembly.  
 
Specific objectives of this research include: 
• Design, synthesis and characterization of highly branched, amphiphilic molecules 
with various shell structures composed of combinations of hydrophobic and polar end 
groups. 
• Analysis of surface behavior of these amphiphilic hyperbranched macromolecules at 
air-water and air-solid interfaces, with particular focus on structural changes and molecular 
conformation caused by the aggregation of different segments. 
• Fabrication and characterization of the molecular assemblies at air-water and solid 
surfaces using Langmuir-Blodgett technique. 
• Investigate mechanisms of molecular self assembly of different hyperbranched 
polymers. 
• Explore possibilities of guided binding, reduction, and assembly of metal 
nanoparticles on selected molecular HBP structures.  
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2.2. Approaches and thesis organization 
In order to achieve these goals, all experiments were organized into two stages: 
synthesis of amphiphilic core-shell constructs and comprehensive study of their structures 
on solid surfaces (Figure 2-1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1. General strategy of synthesis and self-assembly of amphiphilic 
hyperbranched polymers.  
 
Phase I: Synthesis and characterization.  Tailoring of the dendrimers and 
hyperbranched polymer composites used in this research utilized traditional methods of ester 
and amide syntheses.1 The number of the aliphatic groups determines the character of self 
assembly and therefore it is important to evaluate several polymers with different ratios of 
hydrophilic and hydrophobic groups.   
 
Phase II 
Study self-assembly 
structures 
Highly branched 
core molecule 
End-groups: 
 
    free terminal groups 
          ionic  
          hydrophobic  
Phase I 
Synthesize series of molecules 
with 2 or 3 types of end-groups 
Surface self-assembly  
  
14 
 
Phase II: Surface morphology study. Main attention is paid to self organization of the 
polymers at air-water and air-solid interfaces to discern the effects of shell structure on the 
intermolecular interactions. Traditional techniques are used for the fabrication of molecular 
structures such as LB deposition and adsorption from solution. The study of LB monolayers 
is conducted by AFM, ellipsometry, X-ray reflectivity, and UV-vis spectroscopy. X-ray 
diffraction is used for analysis of crystal structure in bulk polymer.  
 
Thesis begins with literature review in chapter 1 and general discussion of the 
research is in chapter 2. This is followed by brief description of experimental techniques in 
chapter 3. Each following chapter (Chapters 4 – 9) represents an individual paper 
(published, or accepted, to a refereed journal).  Chapter 10 provides general conclusions.   
 
2.3. Synthesis and characterization of amphiphilic hyperbranched polymers 
2.3.1. Fractional precipitation of hyperbranched polyester core 
In this study, the hyperbranched core to be used for all amphiphilic polymers is 
Boltorn BH40, 4th generation aliphatic polyester-polyol (Figure 2-2).  
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Figure 2-2. Chemical structure of the Boltorn BH40 core.2 
 
This commercially available hyperbranched polymer is a product of the co-
condensation of 2,2-bis(methylol)propionic acid (bis-MPA), and a four-functional polyol 
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resulting in hydroxy-functional hyperbranched polyesters containing 64 end groups.  This 
polymer is an example of an imperfect centro-symmetric dendritic molecule with four 
hyperbranched arms connected to the core (Figure 2-3). 2,3  
 
 
 
 
 
 
 
 
Figure 2-3. Synthesis of hyperbranched polyester Boltorn.33, 37 
 
The initial polydispersity of commercially available hyperbranched polyester core is 
estimated 1.88 according to GPC. Thus, before the modification procedure the commercial 
product is purified to remove low molar weight fractions. Typically this is 50% yield of the 
hyperbranched polymer with Mn ~ 6100 and the polydispersity of 1.35.  However, because 
branched molecules GPC data underestimates the actual molecular weight values, the 
molecular structure of the core and other molecules is built in accordance with NMR data 
analysis (see below).   
 
2.3.2. Functionalization of hyperbranched core  
The hyperbranched polyester core is modified with various terminal groups: 
palmitic, antracenic, succinic and 6-amino-hexanioc acid groups to test the effects of shell 
substitution. The two steps of the modification procedure explored here are shown in Figure 
2-4.  
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Figure 2-4. Design of multifunctional hyperbranched amphiphilic molecules.  
 
The esterification of terminal OH groups has been performed using a standard acid-
alcohol coupling procedures (Figure 2-5). 4,5,6,7 Hyperbranched polymers with different 
numbers of aliphatic groups  are obtained from precipitated Boltorn 40 (core) via 
esterification with palmitoyl chloride (Figure 2-5 A) according to procedure described 
elsewhere.1 Anthracenic acid is coupled in presence of DCC (Figure 2-5 B). Amino group-
terminated molecules are synthesized from the core after grafting alkyl groups in two steps 
(Figure 2-5 C1 and C2) by esterification with boc-6-aminocaproic acid in pyridine in the 
presence of 1,3-dicyclohexylcarbodiimide (DCC) according to Holmberg procedure.8 
Followed by deprotection of tert-butoxycarbonyl (BOC) protecting group according to 
procedure by hydrolysis in mixture of CH2Cl2 and 99% trifluoroacetic acid (TFA) as 
described by Ihre et al.9 Carboxylic acid terminated HBP (Figure 2-5 D) are made from 
Core structure: Non-polar groups 
polyester HBP 
Ionic groups 
succinic 
aminocaproic 
antracenic 
palmitic 
HO- 
HO- 
HO- 
HO- 
Remaining  
alcohol groups 
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alkyl-grafted polymers using succinic anhydride in one step according to method described 
by Buschhaus et al.10  
 
A:  alkyl group attachment 
CH3(CH2)14COClOH
Py
OOC(CH2)14CH3
BH40-pr
OH OH
 
 
B: anthracenic group attachment 
O
O
OH
BH40-pr
OH OHOHO
DCC
n
 
 
C1: boc-aminohexanoic group attachment 
O
N
H
O
O
HO
O
N
H
O
O
OOH
DCC
OOC(CH2)14CH3 OOC(CH2)14CH3
 
 
C2: deprotection of boc-aminohexanoic group 
TFA
O
N
H
O
O
O
OOC(CH2)14CH3
O
NH2
O
OOC(CH2)14CH3
 
 
D: succinic group 
O
OH
OOC(CH2)14CH3
O
O
OH
O
O
OOC(CH2)14CH3
O
 
Figure 2-5. Synthesis of the amphiphilic shell with alkyl, aryl, and ionic functional 
groups.  
 
Typically esterified polyesters are obtained as waxy solids. The products are purified 
from carboxylic acids by using column gel-chromatography and dialysis. Compounds are 
characterized by FTIR, GPC, 1H-NMR, 13C-NMR. 
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For the purpose of general discussion, a summary of all polymers synthesized in the 
course of this research is given in Table 2-1.  For convenience, all polymers are named 
according to presence and amount of each type of functional groups: “P”-palmitic, “Ant”-
Anthracenic, “NH2” –aminohexanoic, “COOH”-succinic, group symbols are followed by 
digit corresponding to estimated number of that functional group estimated form NMR 
analysis.  
 
Table 2-1. Hyperbranched polymers synthesized and studied and their characteristics. 
Name Number of 
alkyl tails  
Number 
of 
COOH 
Number 
of NH2  
Mn, 
(GPC)
, kDa 
PDI 
(GPC), 
Mn, 
(NMR), 
kDa 
core none none none 3.8 1.4 7.8 
       
1. Ant8 8 anthracenic none none -* - 9.04 
       
2. P50 50±2** none none 11.5 1.5 19.2 
3. P39 39±2 none none 8.0 1.6 16.6 
4. P25 25±2 none none 6.7 1.5 13.2 
5. P18 18±2 none none 5.8 1.6 11.6 
       
6. P39NH29 39±2 none 9 10.8 1.5 17.6 
7. P39NH211 39±2 none 11 12.4 1.5 17.8 
8. P50NH214 50±2 none 14 15.6 1.5 20.8 
       
9. P25COOH25 25±2 25±2 none 11.3 1.5 16.1 
10. P39COOH25 39±2 25±2 none 13.5 1.6 19.1 
*Because of poor solubility of this polymer, GPC is not feasible.  
** Error of NMR analysis  
 
The degree of branching for all HBPs is calculated using integrated intensities of the 
13C NMR peaks assigned to different monomeric units, according to procedure described 
previously by Hawker et al.11  According to this approach, quaternary carbons of the 
dendritic, linear, and terminal units can be distinguished by the chemical shifts of 46.91 
ppm, 48.93 ppm, and 50.92 ppm (Figure 2-6).   
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Figure 2-6. Spectrum of P50NH214 and insert zoom quaternary carbon region 13C 
NMR of the core. 
 
The degree of polymerization is estimated from 1H NMR and 13C NMR data as well, 
according to the procedure suggested by Zagar.6  Analysis indicated that the chemical 
composition and the branching structure of the core polyester (Figure 2-2) is close to the 
literature data for commercial polyester Boltorn H40.6,12  According to calculations the 
degree of branching of the hyperbranched core after purification is 40%; the average number 
of monomeric units (the degree of polymerization) is 60, and the number average molecular 
weight is 7800.  
 
The number of alkyl groups in molecule P50 is determined from 13C NMR spectra 
using the ratio of the integral intensities of the peaks of the methyl group of the palmitic acid 
group (14.3 ppm) and methyl group of the poly bis-(PMA) (17.8 ppm) (Figure 2-6).  
Similarly, the number of boc-6 aminocaproic acid groups (about 14) per molecule P50N14 
is estimated from peaks at 17.8 ppm and 28.6 ppm, assigned to methyl group of the poly bis-
(PMA) and to methyl groups of the tert-butoxycarbonyl protective group. 13C NMR and 1H 
NMR spectra of the compound P50N14 confirm removal of the protective Boc group and 
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exhibit all peaks typical for chemical structures of the core and functional groups (Figure 2-
6).  According to this analysis, the amphiphilic molecules P50 and P50N14 possessed the 
total molecular weight of 19.2 kDa and 20.8 kDa, respectively.  Similar calculations were 
done for every HBP (Table 2-1). Chemical structures of different modifications are 
aresented in Figure 2-7.  
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Figure 2-7. Chemical structures of the molecules P50 (A) and molecule P50NH214 
(B), Ant8 (C), P39COOH25 (D). 
 
It is worth noting that these and other numbers as well as the chemical structure 
presented here should be considered only as some average characteristics for irregular 
hyperbranched architectures as is discussed in numerous publications specifically devoted to 
this issue.13,14  For example, it has been demonstrated that the degree of branching is usually 
within 40-43% for different fractions of the polyester core but the level of internal 
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cyclization is negligible.  The number of the terminal hydroxyl groups for the initial core 
can from number 64 expected for theoretical model for higher molar weight fraction.15   
 
2.4. Surface structure of hyperbranched polymers 
To the best of our knowledge this is first study of unusual nanofibrillar self assembly 
of hyperbranched molecules at the water air interface using X-ray difraction and  
reflectance. Theoretical chemical structures (determined from the analysis discussed 
previously) of two different amphiphilic hyperbranched molecules with modified shells P50 
and P50NH214 are presented in Figure 2-8. 
 
  
Figure 2-8. Molecular models P50 (A) and molecule P50NH214 (B).  
 
Both amphiphilic hyperbranched molecules at the air-water interface displayed stable 
monolayers with the surface behavior typical for amphiphilic compounds with well 
separated and defined polar and hydrophobic fragments (Figure 2-9).  The rising surface 
pressure observed for the compression to the area per molecule below 12 nm2 was fully 
reversible for both molecules compressed to the pressure in the vicinity of the monolayer 
collapse (below 35 N/m).  This is in sharp contrast to the initial “naked” polyester cores, 
which desorbed in the water subphase during the compression to the modest surface 
pressure.  The rising of the surface pressure during the formation of the condensed Langmuir 
A B 
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monolayer is much steeper for P50NH214 indicating that the presence of amine-terminated 
fragments in the vicinity of the polyester core caused more compact packing of the core-
shell structure at the air-water interface with lower compressibility (higher elastic modulus).  
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Figure 2-9. Pressure-area isotherms for the core  molecules P50 and P50NH214. 
 
Remarkably, uniform, stable, and consistent one-dimensional surface morphologies 
were formed by the amphiphilic molecules P50NH214 with amine groups upon transfer onto 
a silicon surface as can be seen from AFM images obtained in a light tapping mode (Figures 
2-10, 2-11).16  At a low surface pressure (area per molecule within 12-15 nm2), isolated 
individual nanofibers were observed.  Their overall height of these nanofibers was within 1 
nm and the length was more than 500 nm.  The individual nanofibers were modestly curved 
and possessed a low degree of branching with frequently observed “punctured” shape 
(Figure 2-10 A).  At slightly higher surface pressure, the isolated, very uniform nanofibers 
were formed all over the surface of the silicon wafers with occasional splitting and sharp 
bending observed for a small fraction of nanofibers (Figure 2-10 B).  At even higher surface 
P50NH214 
P50 
core 
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pressures, the nanofibers became aggregated in bundles of 3-4 nanofibers demonstrating a 
local orientational ordering and collective bending (Figure 2-10 C).   
 
 
 
Figure 2-10. AFM phase images of nanofibrillar structures from molecule 
P50NH214 at enreasing surface pressures. 
 
Finally, at the highest surface pressure, morphology of densely packed nanofiber 
within bundles weaving across the large surface areas was observed (Figures 2-10 c, 2-
11a,b).  The overall length of these bundles exceeded several microns.  The surface area 
occupied by the nanofibers at higher surface pressures reached 60%, which is close to the 
“jamming” limit for randomly oriented surface structures.17  Their interwoven network 
appeared very similar to a typical texture of nematic liquid crystalline phases with uniform 
orientational ordering of flexible rod-like molecules and characteristic singularities caused 
by localized topological defects.18  The height of these well-defined nanofibrillar structures 
increased slightly for higher pressures reaching 3-4 nm for densely packed condensed LB 
monolayers.   
 
600 nm 600 nm 600 nm 
5 mN/m 10 mN/m 20 mN/m 
A B C
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Figure 2-11. High resolution AFM phase (a,b) and topographical (c,d, z-scale is 3 nm) 
images of nanofibrillar structures assembled from molecule P50NH214 at 20 mN/m (a,b) 
and 0.2 mN/m (c,d).  (d) - example of a cross-section across different nanofibers (insert, 
200x200 nm) collected with the carbon nanotube AFM tip. 
 
High resolution AFM imaging revealed a widened shape of these nanofibers caused 
by the usual dilation effect produced by the AFM tip with a typical radius of 10-20 nm 
(Figure 2-11).  Actual lateral dimensions cannot be determined from these images correctly 
without deconvolution of the tip shape effect.  Considering this, we conducted an 
independent analysis of the shape of these nanostructures obtained with a very sharp carbon 
nanotube tip with a calibrated radius (on a gold nanoparticle standard) of curvature below 6 
nm.  This allowed the direct deconvolution of the tip shape in accordance with the well-
known procedures and the estimation of true spatial lateral dimensions of these surface 
structures.  We used both semi-spherical approximation and direct restoration of the tip 
profile with mathematical morphology approach and observed consistent results.19  For this 
120 nm300 nm
200 nm 50 nm
a b
c d
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analysis, we selected surface areas with well-separated nanostructures and conducted high-
resolution scanning with scan sizes not exceeding 600 x 600 nm (Figure 2-11c).  Thus, we 
ran cross-sections perpendicularly to the long axes as demonstrated in Figure 2-11d and 
measured both height and apparent lateral dimensions.  For example, for three selected 
nanostructures designated by markers in Figure 2-11d, we measured the height of 0.8-1 nm 
and the apparent width of 8.6, 12.3, and 14.1 nm from left to right, respectively.  The results 
of this deconvolution analysis conducted for more than 30 individual nanostructures led us 
to the conclusion that the observed one-dimensional structures were, in fact, nanofibers or 
nanoribbons with the lateral dimensions in the range from 4 to 10 nm and heights of 1 - 4 
nm for different surface pressures and surface locations.  The lateral dimensions obtained 
were fairly close to the molecular dimensions estimated from the molecular models in 
different conformations, indicating that these nanofibers are truly molecular fibers composed 
of individual molecules aggregated in one dimension as will be discussed below.  
 
It is worth noting that these nanofibers preserved their identity (not merging into 
thicker fibers or uniform monolayer) even under the highest surface pressure in the vicinity 
of the monolayer collapse and at the high density of packing.  Moreover, the surface 
structures observed here were exceptionally stable under normal AFM scanning conditions 
and while sustaining higher normal forces in the hard tapping mode.  The critical role played 
by the amine groups attached to the polyester core in the formation of these nanofibrillar 
structures was supported by the fact that P50 did not form well-defined nanostructures 
within the monolayer.  Instead, uniform dense LB monolayers with the effective thickness of 
3-4 nm were observed for molecules P50 transferred at the solid substrate at different 
surface pressures.  Finally, the fractionation of the material was important for getting well-
developed nanostructures.  Although the amphiphilic molecules based on the other fractions 
of the core with lower molar weight were capable of forming partially ordered surface 
structures remotely resembling those discussed above, they were much less defined and 
stable.  
 
To interpret this data and suggest an appropriate model of molecular packing within 
these nanofibers, we considered various possible molecular conformations of the 
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amphiphilic hyperbranched molecules onto a hydrophilic surface including the widely 
accepted edge-on and face-on packing of the flattened cores.20  However, the comparison of 
corresponding molecular dimensions and the results of X-ray reflectivity studies of the 
molecule P50NH214 at the air-water interface discussed below effectively excluded any 
symmetrical modes of molecular ordering.   
 
In fact, X-ray reflectivity curves from the Langmuir monolayers of P50NH214 
displayed well developed minima as can be observed in Figure 2-12.  This reflectivity curve 
shape indicated the formation of a uniform dense monolayer with a nanometer-scale 
thickness at the air-water interface.  The distribution of the electronic density along the 
surface normal calculated from the X-ray reflectivity demonstrated that at the low surface 
pressure the alkyl tails with higher electron density were randomly arranged at the water 
surface forming the topmost layer with about 2 nm effective thickness (Figure 2-12). 21,22,23 
A broad transition zone indicated intensive clustering of molecules and the formation of the 
isolated surface structures which can be associated with nanofiber formation at the air-water 
interface.   
 
Correspondingly, at low surface pressure, the polyester cores formed the depleted, 
partially dehydrated sublayer at the air-water interface with a loose intermolecular packing 
(Figure 2-12).  At higher surface pressure, in the condensed monolayer state, the alkyl tails 
predominantly orient themselves upwards and the total effective monolayer thickness 
increased to 3.5 nm.  This value is fairly close to the effective thickness of about 4 nm 
deduced from independent ellipsometric measurements of the monolayer transferred to the 
solid substrates at high surface pressure.  At this state, the cores became integrated in the 
region of alkyl tail packing.   
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Figure  2-12. X-ray reflectivity data (relative intensity versus wave number) for 
molecule P50NH214 at different surface pressures (in mN/m, left) and electronic density 
profiles at low (2 mN/m, top) and high (20 mN/m, bottom) surface pressures with sharp and 
diffuse interfaces (right). 
 
In the condensed state, the terminal alkyl tails from the outer shell formed a poorly-
defined paracrystalline lattice with the hexagonal lateral packing as can be judged from the 
presence of a single intensive but relatively wide peak on the X-ray diffraction curves 
obtained directly from Langmuir monolayer (Figure 2-13).18  The lattice parameter of the 
corresponding unit cell of the alkyl tails was determined to be 0.492 nm, that is very close to 
the value usually detected for Langmuir monolayers from amphiphilic dendritic compounds 
with the outer alkyl shell when conventional hexagonal or orthorhombic unit cells of the 
alkyl tails were disturbed by the chemical attachment to a central branched core.24,25  The 
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alkyl tails of the compressed hyperbranched molecules were predominantly tilted with the 
average tilting angle of about 35o.  The extension of the lateral ordering estimated from the 
corresponding correlation length did not exceed 5 nm which indicates very limited 
positional correlations in the packing of terminal alkyl tails not extending far beyond a 
single molecule. 
 
 
The combined analysis of the AFM images and X-ray reflectivity data on the 
nanofiber dimensions, the Langmuir isotherm data of the molecular areas, the X-ray 
diffraction data on the tail orientation, along with the molecular dimensions from minimized 
molecular models allowed us to suggest an asymmetric model of the molecular packing for 
these nanofibers as presented in Figure 2-14.   
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Figure 2-13. X-ray diffraction data for the monolayer from molecule P50NH214 at 
three azimuthal angles. 
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In this model, the amphiphilic hyperbranched molecules adapt a highly asymmetric 
conformation, which is very different from symmetrical extended conformation observed for 
the undisturbed molecule and appropriate for face-on packing at surface (Figure 2-14).  The 
proposed model is a semi-spherical conformation in which the hydrophilic cores are 
squashed against the solid surface and the hydrophobic terminal branches are concentrated 
in the topmost layer (Figure 2-14).  This conformation is different from the previous models 
which suggested symmetrical, disc-like shape of the flattened core in a face-on position.  In 
the model proposed here, the laterally compressed central core must be suggested to allow 
for staking into one-dimensional structures (Figure 2-14).  Both cores and shells should be 
slightly compressed in one direction to provide dense packing along the nanofiber axis. The 
calculated surface area per molecule for this arrangement was about 11 nm2, which is close 
to Langmuir isotherm results on the onset of the formation of the condensed monolayer.  
Finally, this molecular packing should result in a modestly hydrophobic surface that is 
confirmed by contact angle measurement (within 60-80o), lower than 120° for condensed 
alkyl tails.  This conformation also maximizes favorable and strong interactions between 
amine terminal groups and the silanol surface groups which are critical for the nanofiber 
formation. 26   
 
Considering overall symmetrical chemical architecture of the modified molecules, 
their ability to form one-dimensional structures observed here is puzzling.  We suggest that 
the one-dimensional molecular packing presented here for the explanation of the 
experimental data could be caused by the directional crystallization of alkyl tails oriented 
vertically in a central portion of the molecules with more distorted alkyl tails along the 
nanofiber edges preventing further crystallization in the lateral direction.  In fact, molecules 
P50NH214 can be crystallized in the bulk state with the melting temperature close to 35oC.  
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Figure 2-14.  Molecular graphics of possible conformations and assemblies of 
amphiphilic hyperbranched molecule P50NH214: flat-on extended conformation (left, top-
view), compact asymmetric conformation (right, top, front-view), and assembling in the 
semi-cylindrical, one-dimensional structures (right, bottom, top-front view).  
 
It is also important that the packing structure proposed provided the best chance for 
the amine, hydroxyl, ester, and carboxyl groups of the cores and the inner shells of 
neighboring molecules to form a saturated network of hydrogen bonding and strong polar 
interactions without significant interference with the packed alkyl tails.27  The critical role of 
these interactions has been supported by the fact that similar molecules (P50) without amine 
groups do not form nanofibrillar structures as was noted above despite their amphiphilic 
character.  We believe that the presence of the amine groups strongly interacting with silanol 
groups of the silicon oxide surface layer of silicon wafers is critical in stabilization of these 
surface nanostructures.  The mobility of these groups attached to the branches with flexible 
spacers can be an additional factor facilitating conformed intermolecular interactions.  
Molecule P50 contains only carboxyl and hydroxyl groups “built-in” the backbones which 
limits their mobility and flexibility and creates conditions for intramolecular hydrogen 
bonding.  In fact, FTIR studies confirmed that despite the original core is rich in hydrogen 
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bonding as indicated by a strong broad adsorption band in the range of 3100-3900 cm-1, 
P50NH214 shows a series of sharp adsorption peaks shifted to 3600-3800 cm-1 indicating 
presence of amine-related vibrations (Figure 2-15).  Meanwhile, molecules P50 still show 
significant hydrogen bonding contribution within virtually the same spectral region (Figure 
2-15). 
 
Figure 2-15.  FTIR spectra for compounds studied. 
 
Apparently initial spreading of amphiphilic hyperbranched molecules at the air-water 
interface in a “gas state” (isolated molecules at low surface pressure) combined with high 
molecular mobility is crucial for disbanding a strong association existing in solution. 13  The 
critical role of the assembling conditions such as initial surface spreading was confirmed by 
the fact that such one-dimensional supramolecular structures were not formed when a 
physical adsorption or spin-casting from the solution were used as an alternative way to 
deposit molecules on the solid substrate.  Additionally, an important role of the chemical 
composition, the total molecular weight of the molecules, and polydispersity is clear from 
the fact that the lower molecular weight fraction do not form well-defined fibrillar structures 
and non-fractionated material did not show any of this type of surface behavior at all.  We 
believe that in both cases the presence of the low molecular weight fraction with fewer alkyl 
1000 1500 2000 2500 3000 3500 4000
0.0
0.1
0.2
0.3
0.4  P50NH214
 core
 P50
Ab
so
rp
tio
n
, 
a.
u
.
Wavenumber, 1/cm
 
  
32 
 
tails in the shell and polar groups in the core disturbs the balance of intermolecular 
interactions along the fibrillar structures leading to the disruption of their uniformity. 
 
 
1 
mm 
 
900 nm 
 
 
Figure 2-16. Optical micrograph (top) and AFM topographical image (bottom, 100 
nm z-scale) of microfibers of molecule 3 crystallized from solution. Insert above the AFM 
image shows the transversal cross-section along the dotted line. 
 
2.4. Self-assembly of amphiphilic HBP in 3D 
This study reveals the remarkable novel ability of amphiphilic, hyperbranched 
molecules with irregular cores to self-assemble not only in the form of nanofibers as 
mm 
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discussed in previous section, but also as macroscopically long, perfectly straight 
microfibers, up to several centimeters in length. Two different core modifications are 
forming microfibers, P50NH214 and Ant 8. (Figures 2-8B and 2-17)  
 
Figure 2-17. Molecular models of the amphiphilic hyperbranched polymers with 
anthracenic terminal groups Ant 8.   
 
The microfibers formed by molecule P50NH214 have a low melting temperature of 
about 35˚C and can be easily dissolved and recrystallized from either the solution or the 
melt.  Similar but less ordered, long microfibers are formed by molecule Ant8 with 
athracene terminal groups (Figure 2-18).  These microfibers are extremely stable at higher 
temperatures and do not melt up to 200˚C.  Furthermore, since these microfibers are held by 
weak intermolecular interactions, they too can be dissolved and reformed multiple times.  
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Under excitation with a 250 nm UV light, strong fluorescence is observed from these fibers 
indicating stacking of anthracene fragments and efficient energy transfer (Figure 1-18).  
 
Figure 2-18.  Optical micrographs of long microfibers from molecule P50NH214 
(left, bright field optical microscopy) and molecule Ant 8 (fluorescent image; insert shows 
an individual microfiber at higher magnification). 
 
These perfectly straight microfibers with the diameter from tens of a nanometer to 
hundreds of a micron and the length reaching several centimeters represent an example of 
very intriguing one-dimensional aggregation/crystallization of the same highly branched 
molecule but on a much larger spatial scale.  These unique microfibers possessed multi-shell 
internal microstructure and can be easily dissolved, melted, and recrystallized.  
 
Optical micrographs reveal the overall near-perfect straight shape of the microfiber 
bundles with lateral sizes below 100 microns extending beyond an optical view-field.  On 
the other hand, AFM imaging focusing on smaller microfibers with lateral dimensions below 
several microns demonstrates their top surface has the multilayered, “onion-like” 
morphology with the height of a single layer within 1.5-2 nm (Figure 2-19).  This height 
corresponds to the expected thickness of a single layer formed from packed palmitic chains 
(2.2 nm).28 
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Figure 2-19.  AFM and optical images of straight polymer microfibers at different 
spatial scales: a, b) Large-scale AFM topographical images of polymer microfibers; c) 
Higher resolution 3D AFM image of microfiber edge, demonstrating multiple molecular 
steps on their surface and overall shape, top: 3x3x0.3µm, bottom: 2.2×2.2×0.4 µd) Optical 
micrograph of individual straight microfibers from molecule P50NH214 with overall length 
of several centimeters. 
 
X-ray diffraction of the microfibers from molecule P50NH214 show a partially-
crystalline state with a significant fraction of the amorphous phase formed by the poorly 
crystallizable hyperbranched polyester core (Figure 2-20).  The two slightly sharper peaks 
can be attributed to the orthorhombic unit cell (a =7.4 Ǻ, b =4.9 Ǻ) of the crystalline alkyl 
C 
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chains with parameters close to those observed for polyethylene backbones.[29]  X-ray 
diffraction data from the fluorescent microfibers composed of molecule Ant8 shows a series 
of sharp peaks that indicates a highly ordered crystalline structure in which the anthracene 
terminal groups exhibit long range order (Figure 2-20).  The X-ray diffraction pattern 
corresponds closely to that observed for anthracene carboxylic acid compounds with 
columnar stacking of the rigid fragments. [30]  
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Figure 2-20.  X-ray data for the solid state of molecules P50NH214 (left) and 
molecules Ant8 (right).   
 
Considering the data on surface morphology and the molecular dimensions obtained 
from molecular models, we can suggest that the microfibers observed for molecule 
P50NH214 are formed by the directional crystallization of alkyl chains dominating shells 
with a preferential growth along one direction (Figure 2-21).  Dense lateral packing of the 
anizodiametric molecules (stacking) is suggested as the way to assemble one-dimensional 
continuous steps running parallel to the edges (Figure 2-21).  On the other hand, the 
formation of highly ordered, one-dimensional columnar structures from anthracene groups 
stacked in a face-to-face manner can be considered the primary cause for the formation of 
straight microfibers in the case of molecule Ant8.  The terminal alkyl chains or anthracene 
groups are packed in anti-parallel manner and form an interdigitated bilayer structure with a 
central core confined between shell-forming layers.   
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Figure 2-21.  Molecular graphics of suggested bilayer packing of hyperbranched 
molecules P50NH214 with interdigitated alkyl tails (left) and columnar stacking of Ant8 
anthracene terminal groups (right). 
 
We suggest that the combination of hydrogen bonding in the flexible cores and 
directional crystallization and/or π-π-stacking interactions of peripheral groups are 
responsible for the one-dimensional molecular designs demonstrated here.  To the best of 
our knowledge, this is a first example of the occurrence of near-perfect and uniform one-
dimensional structures ranging from the nano- to the macroscale to be assembled from 
irregular, highly branched, multifunctional molecules. The orientation and length of the 
microfibers depends upon crystallization conditions.  For a higher concentration of nuclei, 
smaller, needle-like crystals are frequently observed while a few nuclei cause unrestricted 
growth of ideally straight microfibers with a length limited to the sizes of the glass substrate.   
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2.5. Effects of functionalized terminal groups 
2.5.1. Variation of shell composition in amphiphilic HBP 
The effect of the end groups’ chemical composition on the resulting surface 
morphology within LB monolayers and particularly their ability to form nanofibrillar surface 
structures are addressed in this section. Amphiphilic hyperbranched polyesters with identical 
cores and different shell compositions are separated into three groups as shown in Scheme 
2-1.  A summary of the polymers’ molecular characteristics are listed in Table 2-1.   
 
 
Scheme 2-1. Hyperbranched polymers used for comparative study. 
 
Here we focus on 3 types of molecules with different numbers of end groups: Group 
I - alkyl-substituted hyperbranched polymers. Group II- molecules with the same number of 
alkyl groups at 39 and a different number of terminal amino groups. Group III - polymers 
with the same number of 25 carboxyl groups and a different number of aliphatic groups, 25 
and 39 respectively 
 
2.5.2. Langmuir monolayer behavior 
The alkyl substituted hyperbranched polyesters (Group I) show a small variance in 
the surface area per molecule (Figure 2-22). The limiting surface area per molecule Ao for 
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all three polymers stayed around 15 nm2. The limiting surface area calculated by the 
extrapolation of the steep rise in the surface pressure in the condensed monolayer state 
displayed a small variation. 
5 10 15 20 25
0
10
20
30
40
50
60
Su
rfa
ce
 
pr
es
su
re
, 
m
N/
m
Area per molecule, nm2
 P39
 P25
 P18
 
Figure 2-22. Langmuir isotherms of alkyl-substituted hyperbranched polymers, 
Group I. 
 
A significant change in the surface molecular area is observed upon the addition of 
amino groups along with alkyl tails. Addition of amino groups yielded a lower limiting area 
per molecule, indicating a more compact structure of the polyester core (Figure 2-23). The 
presence of amino terminal groups makes the polymer core more hydrophilic and facilitates 
hydrogen bonding, resulting in denser molecular packing.   
 
The inclusion of COOH terminal groups showed the most dramatic effect on the 
modified hyperbranched compounds’ surface behavior. Compound P25COOH25 possessed 
the lowest surface molecular area among all compounds studied here (Figure 2-23). 
Evidently acidic COOH groups shifts the balance between the hydrophilic cores and 
hyrdrophobic alkyl tails, making the cores much more compact. 
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Figure 2-23. Langmuir isotherms of amphiphilic hyperbranched polymers Group II 
and Group III. 
 
2.5.3 AFM studies of monolayer morphology  
Shown in Figure 2-24 A and B is the smooth surface texture of LB monolayers as 
viewed by AFM for alkyl substituted hyperbranched molecules at low and high surface 
pressures.  All modified hyperbranches with alkyl tails in their shells showed no 
characteristic fibrous structures even at high degrees of substitution.  Surface roughness was 
very low at 0.1 nm RMS microroughness, as measured within 1 µm2 surface area.  P39 
compressed to 30 N/m showed a slightly higher RMS microroughness of 0.3 nm due to the 
formation of nanoscopic islands with an average height of 0.9 nm.  This structure can be 
contributed to the formation of closed packed crystalline areas formed with vertically 
oriented alkyl tails and surrounded by less ordered regions.   
 
Group II. AFM shows a dramatic change of the surface morphology in both amino-
containing compounds as compared with initial alkyl-modified cores (Figure 2-27 C and D).  
Both amphiphilic hyperbranched molecules with combined alkyl and amino terminal groups 
are capable of forming nanofibers with dimensions very similar to those reported previously.   
The density of the nanofibers increases with the surface pressures.  Densely correlated 
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bundles which combine 5-7 nanofibrils are observed at the highest pressure for the 
compound with 9 amino groups.   
 Group I 
 Group II 
 Group III 
Figure 2-24. AFM morphology of different amphiphilic polymers. 
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The height of the nanofibers evaluated from AFM cross-sections is 0.8 nm which is 
close to the previously reported value for similar amphiphilic molecule P50NH214.  The 
absence of a dense nanofibrillar network for the compound with a fewer number of alkyl 
tails and higher number of amino terminal groups, even at high surface pressures, can be 
rationalized by suggesting a stronger trend toward phase separation within the LB 
monolayer which favors planar ordering of the alkyl tails on the expense of the association 
of the polyester cores.  In this case, the hyperbranched molecules likely form microphase 
separated layers of alkyl tails and cores, which prevents the formation of one-dimensional 
fibrillar structures.  Isolated fibrillar structures are likely formed on defects and interdomain 
boundaries. 
 
The surface morphology studies of the carboxyl-containing compounds has a 
different pattern from Group II and Group III.  The density of the fibers is lower and does 
not change much with an increase of the surface pressure (Figure 2-27 a and b). These fibers 
have different shapes of dendron-like filaments. Cross-section measurements point to 
monomolecular stacking morphology of these structures.  To form such imperfect one-
dimensional structures, a much higher concentration of carboxyl terminal groups is required: 
25 carboxyl groups (or 40%) as compared to 9 amino groups (or 14%).  Obviously, this 
difference can be attributed to the fact that despite the carboxylic groups being capable of 
forming intermolecular hydrogen bonds which promote the nanofibrillar assembly, their 
ability to support an extensive and robust network of hydrogen bonding is below the 
networking ability of amino-carboxylic pairs which belong to the same or neighboring 
molecules 31. 
 
To summarize, we observe that modified HBP display amphiphilic properties and 
form stable Langmuir monolayers at the air-water interface.  As little as 15% of polar groups 
is sufficient number to have formation of nanofibrillar morphology in LB monolayers.  
Polymers with amino-alkyl substitutes shell tend to make linear nanofibers, while, carboxyl 
groups promote the formation of dendron-like nanofibers.  However pressure alkyl 
substituted HBP do not form nanofibrillar aggregates at any pressure. Only the presence of 
both alkyl and ionic groups results in assembly of nanofibers in LB monolayers.  
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2.6. Hyperbranched templates for silver nanoparticles 
Functionalized amphiphilic hyperbranched molecules organized in Langmuir 
monolayers were utilized to fabricate silver nanoparticles at the air-water interface.  The 
amine-hydroxyl hyperbranched cores organized into nanofibrillar, semi-cylindrical micellar 
structures served as a matter for the nanoparticle formation from the ion-containing water 
subphase. By depositing the amhiphilic hyperbranched molecules on subphases with various 
concentrations of AgNO3 and then compressing the monolayers for 7 hours after deposition, 
pi-A isotherms were generated (Figure 2-25).  The HBP exhibited classic amphiphilic 
behavior on both water and aqueous AgNO3 subphases.  
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Figure 2-25. pi-A isotherms of HBP on different aqueous subphases. 
 
When the concentration of the AgNO3 was increased (concentrations of 0.1, 1 and 5 
mM were used), the only measurable deviation in the limiting cross-sectional area as 
compared to that calculated for the HBP on a water subphase occurred when 5 mM AgNO3 
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was used.  This difference in surface areas was close to 1 nm2.  Due to the molecular 
dimensions of the hydrophobic shell, the retaining of silver ions would occur under the large 
molecules and thus would not significantly affect the limiting cross-sectional area.  Indeed, 
the differences in magnitude between the size of the molecule (12 nm2) and that of the silver 
ion (0.08 nm2) prevents any significant changes in the overall surface areas if fewer than 5-
10 ions are adsorbed. 
 
In fact spontaneous reduction in LB monolayers of P50NH214 gives monolayers of 
small nanoparticles, visible in TEM, estimated 3.8 nm average diameter (Figure 2-26 b). 
Nanoparticles are detected after polymer is deposited at a surface pressure of 10 mN/m after 
periods of time up to 7 hours from water subphase containing 0.1 - 5.0 mM solution 
ofAgNO3. AFM imaging of the LB monolayer deposited from subphase containing AgNO3 
exhibits imbedded nanoparticles (Figure 2-26 a), and analysis of particle height distribution 
gives average height 2.6 nm, (Figure 2-27 a,b). However taking into account thickness of the 
monolayer in the order of 1.5 nm, measured height is the same as diameter measured from 
TEM. This result indicates that the nanoparticles formed from the subphase were in fact true 
nanospheres with diameters ranging from 2 to 4.  Both AFM and TEM images show 
relatively low density of silver nanoparticles.  
 
   
Figure  2-26. Silver nanoparticles of LB sample fabricated using 0.1 mM AgNO3 as 
the subphase 7 hr:  a) AFM topography image and b) TEM image. 
 
100 nm 150 nm 
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Figure 2-27. Silver particle size distribution histograms after 7 hours calculated a) 
from AFM, b) from TEM image. 
 
In addition to AFM and TEM imaging, other independent techniques GIXD and XPS 
are used to confirm the phenomenon of silver formation in the monolayers. XPS revealed 
that elemental silver, with a binding energy of 368.2 eV for the 3d5/2 orbital,32 was present 
in all samples deposited from subphase with AgNO3 but not observed when subphase was 
water (Figure 2-28). 
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Figure 2-28. Binding energy spectra of LB monolayers formed on various subphases. 
(a) HBP on 5 mM AgNO3 (b) HBP on water. 
 
GIXD measurements are also conducted to assess the density of the surface 
molecular packing of hyperbranched molecules in presence of the nanoparticles.  For this 
experiment, the concentration of AgNO3 in the subphase is 5 mM and surface pressure 
remained at 10 mN/m which corresponds to densely packed monolayer. Under these 
conditions, after 2 hours there is single peak corresponding to hexagonal packing of alkyl 
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tails (Figure 2-29).  After 5.5 and 12 hours, a disruption of the hexagonal ordering of the 
alkyl tails reflects in decreased intensity of the (10) peak and lower correlation length (1.7 
nm).  Furthermore, during this same period of time, we observed significant increase in 
intensity of 0.240 nm peak.  The (111) peak of silver crystal lattice becomes sharper.  The 
size of silver particle crystal lattice is slightly increased to 1.3 nm which is close but lower 
to nanoparticle diameter evaluated from AFM data and indicates limited internal long-range 
order with significant defect presence.  Two new distinct sharp peaks appear in the data as 
well (Figure 2-30).  These two peaks, occurring at Qxyz = 19.7 nm-1 and Qxyz = 22.4 nm-1 
correspond to d-spacings of 0.32 and 0.28, respectively of orthorhombic AgNO3 crystals 
beneath the Langmuir monolayer.33  
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Figure 2-29. GIXD data of Langmuir monolayer on a subphase 5mM AgNO3 at 
different times (2, 5.5, 12 hours). Data is offset for clarity. 
 
GIDX data indicates that smaller silver nanoparticles can be located imbedded in 
polymer nanowires, only they are too small to be visible in TEM and hidden from the AFM 
tip under the polymer layer. A resulting 3D presentation of an AFM topographical image 
and molecular model for LB monolayers showing positioning of nanoparticles within 
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nanofibrils is given in (Figure 2-30).  As a result of the coupled constraints of the air-liquid 
interface and the unique morphology of the multifunctional hyperbranched polymer control 
the growth of silver nanoparticles with dimensions of 2-4 nm.  The overall estimated size of 
the silver nanoparticles do not exceed the size of the hydrophilic core exposed to the 
monolayer-water interface (3-4 nm).   
 
Chemical transformation behind silver nanoparticle formation occurs via the known 
mechanism of primary amine groups oxidation by silver catalysis and is facilitated by 
“caging” of silver ions within surface areas dominated by the multibranched cores (scheme 
2-3).  This system provides the example of a one-step process in which hyperbranched 
molecules with alkyl tails desorbed from the monolayer-water interface and slightly 
compressed amine-hydroxyl cores directly mediated the formation stable nanoparticles 
which are placed along/among/beneath the semi-cylindrical micelles. 
 
Figure 2-30. Mechanism of formation of metallic silver 
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In a search for interpretation of the results obtained here, we analyzed metal-
catalyzed oxidation processes in proteins.34  Metal ions are considered “caged” or site-
specific reactions in which amino acid residues at ligand sites are specifically targeted.  
However, several complex reactions may take place simultaneously which cause the direct 
elucidation of the complete process to be complex. 35  The amine groups readily coordinated 
with ions due to the ion’s high electron affinity. 
 
R
C
NHR
C
NH2
2Ag02Ag+ H2O
NH3
R H
O
H2O H+
R OH
O2Ag02Ag+H H H
H+
 
Scheme 2-2 Silver reduction mechanism. 
 
The local increase in the concentration of silver ions at the amine groups, coupled 
with their weak oxidizing potential, can catalyze their oxidation, as has been shown 
previously.36  It is possible that the system underwent a chain of oxidized states 
hyperbranched molecule amino groups by surplus silver ions present in subphase.  On 
average cores 2-3 adjacent molecules participate in the formation of a single 3nm 
nanoparticle. Therefore, hyperbranched amphiphilic polymer is not only capable to self-
assemble into nanofibers in LB monolayers can be developed into a macromolecular 
scaffold for synthesis of silver nanoparticles.  
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Chapter 3 
 Experimental  
 
Materials. Hyperbranched polyester ®Boltorn H40 was obtained from Perstorp 
Polyols AB, Sweden.  The polymer is being purified before use according the purification 
procedure listed below. All other chemicals used in this work were purchased from Aldrich 
and used without further purification. 
 
GPC. GPC measurements are carried out to monitor trends in the variation of 
molecular weight and PDI as measured against polystyrene standards. These measurements 
are conducted in THF solution using a Waters Breeze 1500 system. GPC can not be used for 
molecular weight determination of the hyperbranched polymers, as there are no existent 
calibration standards for hyperbranched molecules. GPC analysis is used for estimation of 
polydispersity index, and to control effectiveness of purification after each stage of the 
synthesis.  
 
NMR. NMR 13C and 1H spectra are recorded at Varian VXR-300 MHz using 
chloroform CDCl3, acetone CD6O, or dimethyl sulfoxide DMSO-d6 as solvents.  
Tetramethylsilane (TMS) is used as an internal standard. 
 
FTIR. Fourier transform infrared (FTIR) measurements are conducted on a 
Schimadzu 8300 spectrometer in attenuated total reflection (ATR) mode. 
 
Substrate preparation. The substrates for molecule deposition are atomically polished 
silicon wafers of the [100] (Semiconductor Processing, Co.). Silicon substrates are cut in 
pieces of 15 by 20 mm. Silicon wafers are cleaned in a “piranha” solution according to a 
standard procedure.1 Initially, silicon wafers are submerged in Nanopure water and 
sonicated for 10 min at room temperature. Rinsed silicon wafers are cleaned with a “piranha 
solution” (30% concentrated hydrogen peroxide, 70% concentrated sulfuric acid, hazardous 
solution!) for one hour to remove organic contaminants and strip original silicon oxide 
surface layer. Finally, treated substrates are abundantly rinsed with Nanopure water and 
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dried with a dry nitrogen stream. This treatment results in a fresh silicon oxide layer of 1.2-
1.4 nm thick with a high concentration of silanol groups accessible for further chemical 
reaction.  
 
LB deposition.  For LB deposition hyperbranched polyesters are dissolved in 
chloroform. LB monolayer deposition is conducted using a LB trough (R&K Germany). 
15 µL of dilute solution in chloroform is deposited onto the Nanopure (18.0 MOm/cm) 
water surface of the LB trough. The concentration of a solution is 0.064 mmol/L. Barriers on 
either side of the trough apply equal loads and compress at the rate of 50 µm/s. The 
monolayers are deposited onto silicon substrates at different surface pressures.  
 
Ellipsometry. Film thickness is measured by a Compel automatic ellipsometer (InOm 
Tech, Inc.). The values of refractive indices are determined for thick films according to the 
known procedure. An average of five measurements was taken. 2 
 
Contact Angle. Static contact angle (sessile droplet) measurements are conducted 
using a custom-designed optical microscopic system equipped with a digital microscope. 
Droplets of 5µl NanoPure water are placed on the sample’s surface. The angle between the 
water droplet and the surface is measured on the monitor using a protractor. 3 An average of 
three measurements was taken. 
 
AFM. The monolayers on a silicon surface are studied with atomic force 
microscopes (AFM) Dimension 3000 and Multimode (Digital Instrument, Inc.) in the 
tapping mode according to an experimental procedure described earlier.4 The imaging is 
performed in the regime of “light” tapping to avoid damaging of the monolayers.  Tip shape 
of the AFM tips is evaluated by scanning a reference specimen of gold nanoparticles of a 
diameter of 3-5 nm according to the known procedure. 4 The collected images are processed 
with either direct deconvolution of the tip shape by mathematical morphology routine or 
with a spherical approximation to deduct the tip radius (in the range of 5-10 nm).  
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Synchrotron Studies. X-ray reflectivity and X-ray grazing incident diffraction 
(GIXD) measurements were preformed on Langmuir layers using the Ames Laboratory 
liquid-surface diffractometer at the 6ID beamline at the Advanced Photon Source 
synchrotron at Argonne National Laboratory.5,6,7  The monolayer was deposited on the 
surface of a custom-made Langmuir trough contained in a helium-filled chamber to 
minimize the oxidation of the molecules over the duration of the experiment.  The beam is 
diffracted by a monochromator to remove all nondesirable high- and low-energy photons, 
allowing a narrow ban of photons before passing through a series of two movable slits to 
reduce the beam to the desired size.  A downstream Si double crystal monochromator is 
used to select the x-ray beam at the desired energy (λ=0.0772 nm).  The beam finally passes 
through collimating slits before entering the helium filled chamber.  In depth description of 
the experimental setup is described elsewhere.8 
 
XPS. For XPS studies of LB monolayers, a Perkin-Elmer Multitechnique Chamber, 
model 5500, was used to determine the chemical composition of the thin films.  The 
experimental error for the high resolution spectra was ± 0.25 eV.  The data was smoothed 
using a three-point smoothing function.   
 
Molecular modeling. Molecular modeling is performed with the Materials Studio 
program3.0 with functions of minimization of the energy by correcting the bond lengths, 
angles, and orientation.9  The models are primary used for the visualization of the molecular 
shape and the estimation of the most probable molecular dimensions in relaxed 
conformation with minimized energy. 10  The combination of molecular dynamics and 
energy minimization was used to generate molecular models.11  Using these models 
geometrical parameters of the molecules are measured as well as models of the packing 
structures are developed using information from the characterization techniques. 
 
Bulk X-ray diffraction. Wide angle X-ray scattering (WAXS) of bulk polymer 
samples provided information on the molecular ordering in a three dimensional sample.12  
Using the d-spacings and peak shape from the diffraction patterns the degree of crystallinity, 
the unit cell size and the crystallite size were calculated.  WAXS diffraction patterns were 
  
55 
 
collected using Rigaku Miniflex diffractometer using copper radiation.  The angular range 
for the samples was between 1° and 35°.  The bulk powder samples were compressed into 
micro glass holders. 
 
Optical microscopy. Optical microscopy images of polymers microcrystal surfaces 
and interfaces were obtained using a Leica DM4000 fluorescent microscope equipped with 
5M digital camera. 13   
 
TEM. A Phillips CM30 electron microscope with a LaB6 filament was operated at 
300 kV and used to perform TEM studies of the monolayers deposited on silicon oxide and 
Formvar covered TEM grids purchased from Ted Pella.14 
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4.1. Abstract 
We found that the amplification of weak multiple interactions between numerous 
peripheral branches of irregular, flexible, polydisperse, and highly branched molecules can 
facilitate their self-assembly into nanofibrillar micellar structures at solid surfaces and the 
formation of perfect long microfibers in the course of crystallization from solution.  The 
core-shell architecture of the amphiphilic dendritic molecules provides exceptional stability 
of one-dimensional nanofibrillar structures.  The critical condition for the formation of the 
nanofibrillar structures is the presence of both alkyl tails in the outer shell and amine groups 
in the core/inner shell.  The multiple intermolecular hydrogen bonding and polar interactions 
between flexible cores stabilize these nanofibers and make them robust albeit flexible.  This 
example demonstrates that one-dimensional supramolecular assembling at different spatial 
scales (both nanofibers and microfibers) can be achieved without a tedious, multi-step 
synthesis of shape-persistent molecules. 
 
 
KEYWORDS: nanofibers, surface nanostructures, amphiphilic dendritic molecules, 
functionalized hyperbranched polymers 
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4.2. Introduction 
Dendritic molecules are long thought as a promising building block for the 
interfacial organic assemblies for organized templates and surface nanostructures with 
tunable properties.1,2,3  The variation of hydrophobic and hydrophilic interactions by 
changing the composition of terminal branches and cores of these tree-like molecules is 
considered to be a powerful tool for inducing organized supramolecular structures at 
surfaces and interfaces.1,4,5,6,7,8,9  Because of architectural symmetry, a vast majority of 
dendritic molecules studied to date possess globular or near globular shapes in solution, 
bulk, and at weakly interacting interfaces.1,2,5,10,11  Only specially designed dendritic 
molecules with peculiar architectures usually related to sterically asymmetric fragments 
were shown to be capable of forming self-assembled one-dimensional supramolecular 
structures such as rods, fibers, ribbons, and helices, all shapes with a special interest for 
nanotechnology.  The chemical architectures successfully used for these arrangements 
included shape-persistent planar dendrimers, hairy rod and discotic polymers, rod-coils, and 
tapered molecules.1,2,12,13,14  A proper combination of steric constraints, stacking 
interactions, internal rigidity, and hydrogen bonding is postulated to be critical for precise 
assembly of these shape persistent molecules into large-scale, uniform, one-dimensional 
supramolecular structures in solution, bulk state, and at interfaces.  
 
The self-organization of long (several centimeters) fibers via non-covalent synthesis 
of low molar weight compounds composed of various amphiphiles from amino derivatives, 
with fluorinated chains, and phospholipids was reported.15,16  Stupp et al. developed a 
synthetic strategy that included different combinations of rod segments with precisely placed 
functional groups and a variety of branched terminations to assemble organized structures 
via balanced steric and intermolecular interactions (rod-dendron molecules).17  The variation 
of the chemical composition, the symmetry of molecules, and the generation of the dendron 
blocks resulted in the formation of cubic, lamellar, and cylindrical microstructures in the 
bulk state with occasional assembly in long, uniform one-dimensional ribbons and fibers.  It 
is widely accepted that a precise “matching” of directional intermolecular interactions and 
steric constraints is required to facilitate long-range one-dimensional supramolecular 
assembly of organic and polymeric molecules.  From this standpoint, the assembly of 
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organized supramolecular structures from irregular, flexible, dendritic molecules could be 
very questionable.  
 
Indeed, there are very few reports on the formation of the organized nanostructures 
from highly branched (hyperbranched) molecules composed of irregular, random branched 
fragments with the degree of branching well below that observed for ideal dendritic 
architecture.18  Because of their irregular architecture, poor-defined shape, and higher 
polydispersity they are not expected to form regular supramolecular structures, let alone 
one-dimensional nanostructures, and are usually considered as good candidates for the 
applications when no precise structural organization and precisely placed functionalities are 
required.19,20,21,22 
 
However, in this report we demonstrate that multiple weak intermolecular 
interactions among irregular, highly branched, and polydisperse molecules which are 
flexible and symmetrical can facilitate their assembly into remarkably well-ordered, one-
dimensional supramolecular structures such as long micro- and nanofibers.  We suggest that 
such an unexpected behavior is facilitated by a balance of intermolecular and interfacial 
interactions caused by appropriate distribution of different functional groups in the outer 
shell and the inner core of these highly branched molecules.  To the best of our knowledge, 
this is a first example of uniform one-dimensional supramolecular structures assembled from 
irregular, highly branched molecules. 
 
4.3. Results and Discussion 
Chemical modification and characterization.  Highly branched polyester core with 
hydroxyl terminal groups synthesized by a “one-pot” approach with the presence of active 
core monomers (so called hyperbranched molecules of 4th generation) was obtained from 
Perstorp Polyols and went via the purification and fractionation procedures before further 
chemical modification (see Supporting Information in Appendix ).23  The esterification of 
hyperbranched cores was conducted according to Scheme 4-1 as suggested in the 
literature.24,25   
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Scheme 4-1.  General schematic of the chemical modification of the hyperbranched core. 
 
Final and all intermediate compounds presented in this Scheme were completely 
characterized by FTIR, GPC, 1H NMR, and 13C-NMR (see Appendix for details).  The 
degree of branching was calculated using integrated intensities of the 13C NMR peaks 
assigned to different monomeric units, according to procedure described previously by 
Hawker et al.26  According to this approach, quaternary carbons of the dendritic, linear, and 
terminal units can be distinguished by the chemical shifts of 46.91 ppm, 48.93 ppm, and 
50.92 ppm (Figure 4-1).   
 
The degree of polymerization was estimated from 1H NMR and 13C NMR data as 
well, according to the procedure suggested by Zagar.6  This analysis indicated that the 
chemical composition and the branching structure of the core polyester BH40-pr (Scheme 4-
1) was close to the literature data for commercial polyester Boltorn H40.6,27  According to 
these calculations the degree of branching of the hyperbranched core after purification was 
40%; the average number of monomeric units (the degree of polymerization) was 60, and 
the number average molecular weight was 7800.  
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Figure 4-1. 13C NMR spectra for the fractionated core, BH40-pr in d6-DMSO (top) 
and compound 3 in CDCl3 (bottom). 
 
The number of alkyl groups in molecule 3 was determined from 13C NMR spectra 
using the ratio of the integral intensities of the peaks of the methyl group of the palmitic acid 
group (14.3 ppm) and methyl group of the poly bis-(PMA) (17.8 ppm) (Figure 4-1).  
Similarly, the number of boc-6 aminocaproic acid groups (about 14) per molecule 2 was 
estimated from peaks at 17.8 ppm and 28.6 ppm, assigned to methyl group of the poly bis-
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(PMA) and to methyl groups of the tert-butoxycarbonyl protective group. 13C NMR and 1H 
NMR spectra of the compound 3 confirm removal of the protective Boc group and exhibit 
all peaks typical for chemical structures of the core and functional groups (Figure 4-1).  
According to this analysis, the amphiphilic molecules 1 and 3 possessed the total molecular 
weight of 19,200 and 20,800, respectively.   
               
Figure 4-2. GPC data for final and intermediate compounds. 
 
GPC provided additional information about changes in relative molecular weight and 
the polydispersity of the compounds synthesized (Figure 4-2).  The weight average 
molecular weight was determined by using polystyrene standards to be 8,600 for 
fractionated core and increased to 11,500 and 15,600 for molecules 1 and 3, respectively.  
These numbers, although represent significant underestimation known for branched 
molecules, show the same trend as those obtained from NMR data.  The polydispersity 
index (PDI) calculated from GPC data for the initial hyperbranched core after fractionation 
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was 1.52, down from 1.86 from initial commercial product.  The PDI remained modest for 
both modified molecules 1 and 3 studied here: 1.44 and 1.45, respectively. 
 
It is worth noting that these and other numbers as well as the chemical structure 
presented here should be considered only as some average characteristics for irregular 
hyperbranched architectures as was discussed in numerous publications specifically devoted 
to this issue.28,29  For example, it has been demonstrated that the degree of branching is 
usually within 40-43% for different fractions of the polyester core but the level of internal 
cyclization is very low.  The number of the terminal hydroxyl groups can be well below 64 
expected for theoretical model for low molar weight fractions (below 30) but for higher 
molar weight fraction it is very close to the expected number (64).30   Theoretical chemical 
structure two different amphiphilic hyperbranched molecules with modified shells as 
determined from the analysis discussed above is presented in Figure 4-3.   
 
Figure 4-3. Theoretical chemical structures of the molecules 1 (left) and molecule 3 
(right) based on the degree of branching and chemical composition derived from NMR data. 
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Here, we will focus on two molecules: one molecule with the presence of alkyl tails 
and hydroxyl and carboxyl groups in the outer shell (molecule 1) and another molecule 
combining alkyl tails and residual hydroxyl groups in the outer shell and amine groups in 
the inner core (molecule 3) (Scheme 4-1, Figure 4-3).  The shell of the modified 
hyperbranched molecules was composed of hydrophobic tails represented by about 50 
palmitic (C16) alkyl tails.  The inner polyester core contained 15 hydroxyl groups for 
molecule 1 and about 14 amine- and 1-2 hydroxyl terminated groups for molecule 3.  The 
amine groups were introduced to enhance polar interactions with silanol surface groups in 
order to stabilize surface nanostructures transferred on a silicon oxide surface and were 
proven to be critical for the formation of robust structures.  
 
Surface behavior.  Both amphiphilic hyperbranched molecules at the air-water 
interface displayed stable monolayers with the surface behavior typical for amphiphilic 
compounds with well separated and defined polar and hydrophobic fragments (Figure 4-4).  
The rising surface pressure observed for the compression to the area per molecule below 12 
nm
2
 was fully reversible for both molecules compressed to the pressure in the vicinity of the 
monolayer collapse (below 35 N/m).  This is in sharp contrast to the initial “naked” 
polyester cores, which desorbed in the water subphase during the compression to the modest 
surface pressure (see Appendix).  The rising of the surface pressure during the formation of 
the condensed Langmuir monolayer is much steeper for molecule 3 indicating that the 
presence of amine-terminated fragments in the vicinity of the polyester core caused more 
compact packing of the core-shell structure at the air-water interface with lower 
compressibility (higher elastic modulus). 
 
Surface nanostructures.  Remarkably, uniform, stable, and consistent one-
dimensional surface morphologies were formed by the amphiphilic molecules 3 with amine 
groups upon transfer onto a silicon surface as can be seen from AFM images obtained in a 
light tapping mode (Figures 4-5, 4-6).31  At a low surface pressure (area per molecule within 
12-15 nm2), isolated individual nanofibers were observed.  Their overall height of these 
nanofibers was within 1 nm and the length was more than 500 nm.  The individual 
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nanofibers were modestly curved and possessed a low degree of branching with frequently 
observed “punctured” shape (Figure 4-6).   
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Figure 4-4. Pressure-area isotherms for molecules. 
 
At slightly higher surface pressure, the isolated, very uniform nanofibers were 
formed all over the surface of the silicon wafers with occasional splitting and sharp bending 
observed for a small fraction of nanofibers (Figure 4-5a).  At even higher surface pressure, 
the nanofibers became aggregated in bundles of 3-4 nanofibers demonstrating a local 
orientational ordering and collective bending (Figure 4-5b).  Finally, at the highest surface 
pressure, highly interwoven morphology of densely packed nanofiber within bundles 
weaving across the large surface areas was observed (Figures 4-5c, 4-6a, 4-6b).  The overall 
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length of these bundles exceeded several microns.  The surface area occupied by the 
nanofibers at higher surface pressures reached 60%, which is close to the “jamming” limit 
for randomly oriented surface structures.32  Their interwoven network appeared very similar 
to a typical texture of nematic liquid crystalline phases with uniform orientational ordering 
of flexible rod-like molecules and characteristic singularities caused by localized topological 
defects.33  The height of these well-defined nanofibrillar structures increased slightly for 
higher pressures reaching 3-4 nm for densely packed condensed LB monolayers.  This was 
consistent with the effective thickness of the monolayers measured independently from 
ellipsometry, which indicated the thickness of 3 nm for the highest pressures (see 
Appendix). 
 
High resolution AFM imaging revealed a widened shape of these nanofibers caused 
by the usual dilation effect produced by the AFM tip with a typical radius of 10-20 nm 
(Figure 4-6).  Actual lateral dimensions cannot be determined from these images correctly 
without deconvolution the tip shape effect.  Considering this, we conducted an independent 
analysis of the shape of these nanostructures obtained with a very sharp carbon nanotube tip 
with a calibrated radius (on a gold nanoparticle standard) of curvature below 6 nm.  This 
allowed the direct deconvolution of the tip shape in accordance with the well-known 
procedures and the estimation of true spatial lateral dimensions of these surface structures.  
We used both semi-spherical approximation and direct restoration of the tip profile with 
mathematical morphology approach and observed consistent results.34  For this analysis, we 
selected surface areas with well-separated nanostructures and conducted high-resolution 
scanning with scan sizes not exceeding 600 x 600 nm (Figure 4-6c).  Thus, we ran cross-
sections perpendicularly to the long axes as demonstrated in Figure 4-6d and measured both 
height and apparent lateral dimensions.  For example, for three selected nanostructures 
designated by markers in Figure 4-6d, we measured the height of 0.8-1 nm and the apparent 
width of 8.6, 12.3, and 14.1 nm from left to right, respectively.  Correction for the tip 
dilation results in true width of these features ranging from 5 to 10 nm.  The results of this 
deconvolution analysis conducted for more than 30 individual nanostructures led us to the 
conclusion that the observed one-dimensional structures were, in fact, nanofibers or 
nanoribbons with the lateral dimensions in the range from 4 to 10 nm and heights of 1 - 4 
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nm for different surface pressures and surface locations.  The lateral dimensions obtained 
were fairly close to the molecular dimensions estimated from the molecular models in 
different conformations indicating that these nanofibers are truly molecular fibers composed 
of individual molecules aggregated in one dimension as will be discussed below. 
 
 
Figure 4-5. AFM phase images of nanofibrillar structures from molecule 3 at surface 
pressures: a) 5 mN/m; b) 10 mN/m; c) 20 mN/m. 
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Figure 4-6. High resolution AFM phase (a,b) and topographical (c,d, z-scale is 3 nm) 
images of nanofibrillar structures assembled from molecule 3 at 20 mN/m (a,b) and 0.2 
mN/m (c,d).  An example of a cross-section across different nanofibers (see insert, 200x200 
nm) collected with the carbon nanotube tip and used for true nanofiber diameter calculations 
(d). 
 
It is worth noting that these nanofibers preserved their identity (not merging into 
thicker fibers or into uniform monolayer) even under the highest surface pressure in the 
vicinity of the monolayer collapse and at the high density of packing.  Moreover, the surface 
structures observed here were exceptionally stable under normal AFM scanning conditions 
and sustained higher normal forces even in the hard tapping mode.  The critical role played 
by the amine groups attached to the polyester core in the formation of these nanofibrillar 
structures was supported by the fact that molecule 1 did not form well-defined 
nanostructures within the monolayer.  Instead, uniform dense LB monolayers with the 
effective thickness of 3-4 nm were observed for molecules 1 transferred at the solid 
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substrate at different surface pressures.  Finally, the fractionation of the material was 
important for getting well-developed nanostructures.  Although the amphiphilic molecules 
based on the other fractions of the core with lower molar weight were capable of forming 
partially ordered surface structures remotely resembling those discussed above they were 
much less defined and stable.  
 
To interpret these data and suggest an appropriate model of molecular packing 
within these nanofibers, we considered various possible molecular conformations of the 
amphiphilic hyperbranched molecules onto a hydrophilic surface including widely accepted 
edge-on and face-on packing of the flattened cores.35  However, the comparison of 
corresponding molecular dimensions and the results of X-ray reflectivity studies of the 
molecule 3 at the air-water interface discussed below effectively excluded any symmetrical 
modes of molecular ordering.   
 
In fact, X-ray reflectivity curves from the Langmuir monolayers of molecule 3 
displayed well developed minima as can be observed in Figure 4-7.  This reflectivity curve 
shape indicated the formation of a uniform dense monolayer with a nanometer-scale 
thickness at the air-water interface.  The distribution of the electronic density along the 
surface normal calculated from the X-ray reflectivity data by using Fourier transformation 
and box model (see Appendix) 36,37,38 demonstrated that at the low surface pressure the alkyl 
tails with higher electron density were randomly arranged at the water surface forming the 
topmost layer with about 2 nm effective thickness (Figure 4-7).  A broad transition zone 
indicated intensive clustering of molecules and the formation of the isolated surface 
structures which can be associated with nanofiber formation at the air-water interface.   
 
Correspondingly, at the low surface pressure, the polyester cores formed the 
depleted, partially dehydrated sublayer at the air-water interface with a loose intermolecular 
packing (Figure 4-7).  At higher surface pressure, in the condensed monolayer state, the 
alkyl tails predominantly orient themselves upwards and the total effective monolayer 
thickness increased to 3.5 nm.  This value is fairly close to the effective thickness of about 4 
nm deducted from independent ellipsometric measurements of the monolayer transferred to 
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the solid substrates at high surface pressure (see Appendix).  At this state, the cores became 
integrated in the region of alkyl tail packing.   
 
 
Figure 4-7. X-ray reflectivity data (relative intensity versus wavenumber) for 
molecule 3 at different surface pressures (in mN/m, left) and electronic density profiles at 
low (2 mN/m, top) and high (20 mN/m, bottom) surface pressures with sharp and diffuse 
interfaces (right).  
 
In the condensed state, the terminal alkyl tails from the outer shell formed a poorly-
defined paracrystalline lattice with the hexagonal lateral packing as can be judged from the 
presence of a single intensive but relatively wide peak on the X-ray diffraction curves 
obtained directly from Langmuir monolayer (Figure 4-8).18  The lattice parameter of the 
corresponding unit cell of the alkyl tails was determined to be 0.492 nm, that is very close to 
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the value usually detected for Langmuir monolayers from amphiphilic dendritic compounds 
with the outer alkyl shell when conventional hexagonal or orthorhombic unit cells of the 
alkyl tails were disturbed by the chemical attachment to a central branched core.39,40  The 
alkyl tails of the compressed hyperbranched molecules were predominantly tilted with the 
average tilting angle of about 35o.  The extension of the lateral ordering estimated from the 
corresponding correlation length did not exceed 5 nm that indicates very limited positional 
correlations in the packing of terminal alkyl tails not extending far beyond a single molecule 
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Figure 4-8. X-ray diffraction data for the monolayer at 20mN/m from molecule 3 at 
three azimuthal angles (β).  The appearance of a sharp peak at intermediate angle confirms 
tilted orientation of alkyl tails. 
 
Model of molecular packing.  Therefore, the combined analysis of the AFM images 
and X-ray reflectivity data on the nanofiber dimensions, the Langmuir isotherm data of the 
molecular areas, the X-ray diffraction data on the tail orientation, along with the molecular 
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dimensions from minimized molecular models allowed us to suggest an asymmetric model 
of the molecular packing for these nanofibers as presented in Figure 4-9.   
 
 
Figure 4-9.  Molecular graphics of possible conformations and assemblies of 
amphiphilic hyperbranched molecule 3: flat-on extended conformation (left, top-view), 
compact asymmetric conformation (right, top, front-view), and assembling in the semi-
cylindrical, one-dimensional structures (right, bottom, top-front view).  
 
In this model, the amphiphilic hyperbranched molecules adapt a highly asymmetric 
conformation, which is very different from symmetrical extended conformation observed for 
undisturbed molecule and appropriate for face-on packing at surface (Figure 4-9).  The 
proposed model is semi-spherical conformation in which the hydrophilic cores are squashed 
against the solid surface and the hydrophobic terminal branches are concentrated in the 
topmost layer (Figure 4-9).  This conformation is similar to that speculated for regular 
amphiphilic dendrimers 6,20 and to that suggested for other amphiphilic hyperbranched 
molecules at hydrophilic surfaces.40  However, it is also is very different from the previous 
models which suggested symmetrical, disc-like shape of the flattened core in a face-on 
position.  In the model proposed here, the laterally compressed central core must be 
suggested to allow for staking into one-dimensional structures (Figure 4-9).  Both cores and 
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shells should be slightly compressed in one direction to provide dense packing along the 
nanofiber axis.  
 
The hydrophobic alkyl tails dominating the outer shell were oriented upwards, tilted, 
and covered most of the core, thus, making them included in the shell packing as was 
concluded from X-ray data.  This conformation suggested an overall height of the molecules 
packed in nanofibers of 2.5-4 nm and the lateral dimensions of 4-8 nm depending upon the 
degree of alkyl tail orientation, packing density, and core conformation which correlate well 
with the dimensions obtained independently from different techniques.  Dense stacking 
packing of the laterally compressed cores provided the way to assemble them in one-
dimensional continuous rows resembling semi-cylindrical micelles.  The calculated surface 
area per molecule for this arrangement was about 11 nm2, which is close to Langmuir 
isotherm results on the onset of the formation of the condensed monolayer.  Finally, this 
molecular packing should result in a modestly hydrophobic surface that is confirmed by 
contact angle measurement (within 60-80o).  This conformation also maximizes favorable 
and strong interactions between amine terminal groups and the silanol surface groups which 
are critical for the nanofiber formation. 41   
 
Considering overall symmetrical chemical architecture of the modified molecules, 
their ability to form one-dimensional structures observed here is puzzling.  Although further 
studies are required, we suggest that the one-dimensional molecular packing presented here 
for the explanation of the experimental data could be caused by the directional 
crystallization of alkyl tails oriented vertically in a central portion of the molecules with 
more distorted alkyl tails along the nanofiber edges preventing further crystallization in the 
lateral direction.  In fact, molecules 3 can be crystallized in the bulk state with melting 
temperature close to 35oC.  
 
It is also important that the packing structure proposed provided the best chance for 
the amine, hydroxyl, ester, and carboxyl groups of the cores and the inner shells of 
neighboring molecules to form a saturated network of hydrogen bonding and strong polar 
interactions without significant interference with the packed alkyl tails.42  The critical role of 
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these interactions has been supported by the fact that similar molecules (molecule 1) without 
amine groups do not form nanofibrillar structures as was noted above despite their 
amphiphilic character.  We believe that the presence of the amine groups strongly 
interacting with silanol groups of the silicon oxide surface layer of silicon wafers is critical 
in stabilization of these surface nanostructures.  The mobility of these groups attached to the 
branches with flexible spacers can be an additional factor facilitating conformed 
intermolecular interactions.  Molecules 1 contains only carboxyl and hydroxyl groups “built-
in” the backbones which limits their mobility and flexibility and creates conditions for 
intramolecular hydrogen bonding.  In fact, FTIR studies confirmed that despite the original 
core is rich in hydrogen bonding as indicated by a strong broad adsorption band in the range 
of 3100-3900 cm-1, molecule 3 shows a series of sharp adsorption peaks shifted to 3600-
3800 cm-1 indicating amine-related vibrations with a very little left of original adsorption 
band (Figure 4-10).  Meanwhile, molecules 1 still show significant hydrogen bonding 
contribution within virtually the same spectral region (Figure 4-10). 
  
We suggested that an initial spreading of amphiphilic hyperbranched molecules at 
the air-water interface in a “gas state” (isolated molecules at low surface pressure) combined 
with high molecular mobility was crucial for disbanding a strong association existing in 
solution 13 following by one-dimensional supramolecular aggregation at the solid substrate.  
A critical role of the assembling conditions such as initial surface spreading was confirmed 
by the fact that such one-dimensional supramolecular structures were not formed when a 
physical adsorption or spin-casting from the solution were used as an alternative way to 
deposit molecules on the solid substrate.  Additionally, an important role of the chemical 
composition, the total molecular weight of the molecules, and polydispersity is clear from 
the fact that lower molecular weight fraction did not formed well-defined fibrillar structures 
and non-fractionated material did not show any of this type of surface behavior at all.  We 
believe that in both cases the presence of the low molecular weight fraction with fewer alkyl 
tails in the shell and polar groups in the core disturbs the balance of intermolecular 
interactions along the fibrillar structures leading to the disruption of their uniformity. 
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Figure 4-10.  FTIR spectra for compounds studied. 
 
Crystallization from solution.  The critical role of the alkyl tail crystallization was 
confirmed while conducting slow crystallization of this material (Figure 4-11).  In fact, we 
observed that the crystallization of these hyperbranched molecules, if conducted under slow 
solvent evaporation conditions (gel-crystallization), resulted in the formation of remarkably 
perfect and macroscopically long microfibrillar structures (Figure 4-11).  These perfectly 
straight microfibers with the diameter from tens of a nanometer to hundreds of a micron and 
the length reaching several centimeters represent an example of very intriguing one-
dimensional aggregation/crystallization of the same highly branched molecule but on a 
much larger spatial scale.  These unique microfibers possessed multi-shell internal 
microstructure and can be easily dissolved, remelted, and recrystallized. 
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Figure 4-11. Optical micrograph (top) and AFM topographical image (bottom, 100 nm z-
scale) of microfibers of molecule 3 crystallized from solution.  For AFM image,  insert 
shows the transversal cross-section 
 
4.4. Concluding remarks 
The formation of long, uniform, nanofibers and nanoribbons with truly molecular 
lateral dimensions is a rare event observed only for some organic and polymeric 
molecules.12  We believe that cylindrical and semi-cylindrical micellar structures, closest to 
those reported here, were observed for low-molar mass ionic surfactants on solid 
surfaces.43,44  A fine balance of weak intermolecular interactions was considered to be 
crucial for the formation of these fragile surface micellar structures.  These metastable, 
semi-cylindrical micelles from conventional surfactants were easily disrupted by adsorption 
and drying conditions or AFM scanning with modest forces and did not form 
microscopically continuous fibers.  Most of the AFM images confirming these surface 
structures were conducted directly in solvent with very low normal forces applied on very 
limited surface areas of several hundred nanometers.  In contrast, the core-shell architecture 
of the amphiphilic hyperbranched molecules synthesized here shaped one-dimensional 
supramolecular nanofibrillar structures in a unique and very stable way.  The multiple 
intermolecular hydrogen bonding and polar interactions between the flexible cores stabilized 
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these nanofibers and made them robust albeit flexible.  In fact, they were extremely stable 
during transfer, under high compression and dry conditions, were not disrupted by scanning 
with high forces, and were extending uninterrupted over many microns. 
 
The very peculiar internal organization of these stable nanofibers with a hydrophilic 
inner core and hydrophobic shell makes them an intriguing candidate for the templating of 
inorganic wired nanostructures similarly to that already demonstrated for rigid molecules.2,12  
However, we believe that these flexible branched molecules can be much more versatile 
than complex molecules proposed earlier because their straightforward synthesis which 
could be easily adapted to produce significant quantities far exceeding minute amounts of 
regular amphiphilic dendrimers and complex shape persistent molecules available.45  
Moreover, our findings question the current paradigm which calls only for well-defined, 
shape-persistent, and rigid molecules with a precise placement of functionalized groups as 
the building blocks for one-dimensional supramolecular nanostructures.  Indeed, we have 
found that the amplification of weak, directional interactions facilitated by the presence of 
multiple peripheral branches of even irregular, flexible molecules can lead to their efficient 
self-assembly into remarkably stable and uniform nano- and microfibrillar structures.  
Furthermore, this example demonstrates that one-dimensional supramolecular assembling 
can be achieved by using highly branched but irregular molecules without a tedious, multi-
step synthesis of the shape-persistent molecules.   
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Nanofibers from functionalized dendritic molecules 
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5.1. Introduction 
Because of architectural symmetry, a vast majority of dendritic molecules possess 
globular or near globular shapes and can form uniform molecular layers on a solid 
surface.1,2,3  Only dendritic molecules with peculiar architectures were shown capable of 
forming self-assembled one-dimensional supramolecular structures such as rods, fibers, 
ribbons, and helices, shapes with a special interest for nanotechnology.  These chemical 
architectures included shape-persistent planar dendrimers, hairy rod and discotic polymers, 
rod-coils, rod-dendrons, and tapered molecules.4,5,6,7,8,9,10  A proper combination of steric 
constraints, stacking interactions, and hydrogen bonding is postulated to be critical for 
precise assembly of these molecules.  In contrast, there are very few reports on organized 
structures from hyperbranched molecules.11  Because of irregular architecture and higher 
polydispersity they are not expected to form regular structures.12,13,14,15 
 
It is widely accepted that a precise “matching” of directional interactions and steric 
constraints is required to facilitate long-range one-dimensional supramolecular assembly.  
Contrary, in this report we demonstrate that multiple weak interactions among irregular, 
branched molecules with relatively high molecular weight and high polydispersity can 
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facilitate their assembly into well-ordered one-dimensional supramolecular structures such as 
long and uniform micro- and nanofibers. To the best of our knowledge, this is a first example 
of one-dimensional supramolecular structures assembled from irregular, highly branched, 
dendritic molecules. 
 
5.2. Results and discussion 
Synthesis and comprehensive chemical characterization are described in a separate 
publication.16  The theoretical chemical structure of amphiphilic highly branched molecule 
studied here (hyperbranched polyester of 4th generation) with the degree of branching of 40% 
and chemical composition determined from NMR is presented in Figure 5-1.  It is worth 
noting that these and other numbers as well as chemical structure should be considered only 
as averaging for irregular hyperbranched architectures as was discussed in numerous 
publications specifically devoted to this issue. 17,18 A shell of the modified core after 
fractionation was composed of hydrophobic (about 50 palmitic (C16)) alkyl tails, about 14 
amine-terminated groups, and 1-2 hydroxyl terminated branches.   
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Figure 5-1. Theoretical chemical structure of the amphiphilic hyperbranched 
polyester with the degree of branching of 40% modified with alkyl and amine terminal 
groups.  
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The modified hyperbranched polymer deposited at the air-water interface possessed 
stable amphiphilic surface behavior with rising surface pressure during compression to the 
area per molecule below 12 nm2.16  This is in sharp contrast to the “naked” hyperbranched 
cores, which desorbed in the water subphase during compression. 
 
Remarkably, uniform, stable one-dimensional surface morphologies were formed by 
these molecules on a silicon surface. At very low surface pressure (area per molecule higher 
15 nm2), isolated individual nanofibers became seen all over the surface areas (Figure 5-2a).  
Their overall height was about 2 nm, the length was below 500 nm, and they showed uniform 
but punctured shape.  The individual nanofibers became more uniform, defined, and clearly 
visible at slightly higher surface pressure (Figure 5-2b). These longer nanofibers (about a 
micron long) were curved and possessed a low degree of branching with occasional splitting.  
 
At even higher surface pressure, the uniform nanofibers formed densely packed 
bundles weaving across the large surface areas with the overall length exceeding several 
microns (Figure 5-2c,d).  The height of these structures increased slightly for higher 
pressures to 3-4 nm. In this condensed state they formed a dense interwoven network with a 
texture typical for nematic liquid crystalline phases with characteristic topological defects.19  
Remarkably, the nanofibers preserved their identity (not merging into thicker fibers) even 
under high density of packing. These surface structures were exceptionally stable under 
normal scanning conditions and sustain higher shear forces even in the hard tapping mode.  
 
High resolution imaging conducted in the tapping mode with low forces revealed a 
typical dilated shape of the nanofibers caused by usual artifact produced by the AFM tip 
(Figure 5-2). We conducted a careful analysis of the shape of these nanostructures obtained 
with a very sharp carbon nanotube tip with a calibrated radius below 8 nm to deconvolute the 
tip shape and estimate true lateral dimensions. We used a semi-spherical approximation to 
account for tip dilation in accordance with the known approach.20  Considering very small 
height of the one-dimensional structures of 2-4 nm (30 cross-sections were randomly selected 
for this analysis), the tip dilations contributed, usually, less than 50% of the apparent width 
which makes this correction quite reliable.  These results led us to the conclusion that 
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observed one-dimensional structures were, in fact, nanofibers with the height of 3-4 nm and 
the lateral dimension of 4-8 nm that is close to molecular dimensions estimated from 
molecular models. 
 
a b
c
600 nm 600 nm
600 nm
d
300 nm
 
Figure 5-2. Atomic force microscopy (AFM) phase images of nanofibrillar structures 
formed from dendritic molecules at different surface pressures: a) 0.2 mN/m; b) 5 mN/m; c, 
d) 30 mN/m, different scales. 
 
We considered possible molecular conformations of amphiphilic hyperbranched 
molecules onto a hydrophilic surface including edge-on packing and flattened cores.21 
However, X-ray reflectivity studies of these molecules at the air-water interface 
demonstrated that alkyl tails are predominantly oriented upwards with a certain tilt and the 
total monolayer thickness of about 3 nm.16 From the analysis of the combined AFM and X-
ray data on nanofiber dimensions, Langmuir isotherm data of molecular areas, X-ray data on 
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tail orientation, and molecular dimensions from minimized molecular models we suggest an 
asymmetric molecular packing for these nanofibers presented in Figure 5-3. In this model, we 
propose that the molecules adapt a semi-spherical conformation in which hydrophilic cores 
are squashed against the solid surface as was suggested for amphiphilic dendrimers.20 A 
number of important observations support this model.  First, the conformation suggested 
maximizes favorable interactions between amine terminal groups and the silanol surface 
groups that makes this structure energetically favorable.22 Second, this conformation 
provides the overall height of the molecules of 2-4 nm and the lateral dimensions of 4-8 nm 
depending upon the degree of tail orientation and core conformation, which corresponds to 
both X-ray and AFM data closely. Third, hydrophobic alkyl tails dominating shell are 
oriented upwards, tilted, and cover most of the core, thus, defining the surface area per 
molecule of about 11 nm2, which is close to Langmuir isotherm results for condensed 
monolayers. Finally, the molecular arrangement proposed should result in a modestly 
hydrophobic surface that is confirmed by contact angle measurement (within 60-80o). Any 
other known conformation attempted (edge-on, face-on, and face-on flattened orientations) 
could not satisfy a whole set of experimental data.  
 
Dense lateral stacking is suggested as the way to assemble these branched molecules 
in one-dimensional continuous rows resembling semi-cylindrical micelles. Although the 
nature of driving forces behind this one-dimensional assembling is not clear, we can suggest 
that the directional crystallization of alkyl tails can play a significant role.  The less-disturbed 
alkyl tails oriented vertically in a central portion of the molecules can be involved in local 
ordering while more distorted tilted alkyl tails along the edges could prevent crystallization 
in the lateral direction. X-ray scattering showed very disturbed (paracrystalline) packing of 
alkyl chains in this materials.23 On the other hand, the stacking proposed provides the best 
chance for the amine, hydroxyl, ester, and carboxyl groups of cores and inner shells of 
neighboring molecules to form a saturated network of hydrogen bonding and polar 
interactions without significant interference with packed alkyl tails.24 This would be 
impossible in symmetrical face-on conformation. The critical role of these interactions is 
supported by the fact that similar molecules without amine groups do not form nanofibrillar 
structures.16  
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Figure 5-3. Molecular graphics representation of the suggested conformation of 
amphiphilic hyperbranched molecules on a solid hydrophilic surface and their aggregation in 
the one-dimensional supramolecular structure.  
 
 
Cylindrical and semi-cylindrical micellar structures, similar to those reported here, 
were observed for conventional ionic surfactants.25,26 A fine balance of weak intermolecular 
interactions was considered to be crucial for the formation of these surface micellar 
structures. However, the core-shell architecture of the amphiphilic hyperbranched molecules 
studied here makes these one-dimensional nanofibrillar supramolecular structures unique. 
The multiple intermolecular hydrogen bonding and polar interactions between flexible cores 
stabilize these nanofibers and make them robust albeit flexible unlike unstable semi-
cylindrical micelles from conventional surfactants, which are easily disrupted by drying and 
rarely form microscopically continuous fibers.  
 
The very peculiar internal organization of these nanofibrils with hydrophilic inner 
core and hydrophobic shell makes them an intriguing candidate for the templating of 
inorganic wired nanostructures as already demonstrated for rigid molecules.12 However, we 
believe that these flexible branched molecules can be much more versatile because their easy 
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and straightforward “one-pot” synthesis.27 Moreover, our finding questions the current 
paradigm calling for well-defined, shape-persistent, and rigid molecules with a precise 
placement of functionalized groups as the building block for one-dimensional supramolecular 
nanostructures and extend the known concept of steric balance and intermolecular 
interactions beyond well-defined shape-persistent (e.g., rod-dendron) architectures. Our 
results show a critical role of having a highly branched chemical structure with multiple 
specific intermolecular interactions in the assembling of organized supramolecular structures. 
The amplification of weak, directional interactions facilitated by the presence of multiple 
peripheral branches of even irregular, flexible molecules can lead to their efficient self-
assembly into stable nanofibrillar structures. This example demonstrates that one-
dimensional supramolecular assembling can be achieved without a tedious, multi-step 
synthesis of the shape-persistent molecules.  
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Chapter 6 
Supramolecular multiscale fibers through one-dimensional assembly of 
dendritic molecules  
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6.1. Results and discussion 
A variety of molecular designs have been proposed for the fabrication of one-
dimensional self-assembled, non-covalently linked nanostructures.1,2  The appropriate balance 
of hydrophobic and hydrophilic interactions enhanced by hydrogen bonding, pi−pi stacking 
interactions, and steric factors is considered a powerful tool for inducing organized surface 
nanostructures from branched and dendritic polymeric and organic molecules.1,3,4,5,6,7,8  The 
tightly controlled internal organization of these nanostructures makes them promising 
candidates for templating inorganic assemblies, organized surface coatings, multilayered 
assemblies, and wired nanostructures.8,9  To date, microscopic, supramolecular, one-
dimensional structures (usually several microns in length) in the form of fibers, nanotubes, 
zig-zags, ribbons, and helices have been fabricated from rigid, hairy rods, rod-coil molecules, 
rod-dendrons, rigid dendrimers and other shape-persistent organic molecules with well-
defined and rigid configuration and conformation.10,11,12,13,14,15,16,17  Furthermore, the self-
organization of long (several centimeters) fibers via non-covalent synthesis of low molar 
weight compounds composed of amphiphiles, amino derivatives, fluorinated chains, and 
phospholipids was reported.18,19  Stupp et al. developed a synthetic strategy that included 
different combinations of rod segments with precisely placed functional groups and a variety 
of branched terminations to assemble organized structures via balanced steric and 
intermolecular interactions (rod-dendron molecules). 15,20  The variation of the chemical 
composition, the symmetry of molecules, and the generation of the dendron blocks resulted in 
formation of cubic, lamellar, and cylindrical microstructures in bulk with occasional formation 
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of long, uniform one-dimensional ribbons.  The presence of anizodiametric rigid rod-like 
segments was a critical driving force for assembling mesomorphic structures.  In all cases, a 
precise positioning of functional groups responsible for specific interactions (e.g., hydrogen 
bonding) was demonstrated to be critical for the formation of supramolecular fibers to extend 
that a replacement of a single atom usually led to complete reorganization of the molecular 
ordering.  From this standpoint, the assembly of organized supramolecular structures from 
irregular flexible dendritic molecules could be very questionable.  In fact, such 
supramolecular assemblies have never been reported.   
 
However, we have recently demonstrated that long (several microns) uniform 
nanofibers can be assembled from amphiphilic-functionalized hyperbranched molecules 
possessing irregular, flexible cores, capable of multiple hydrogen bonding and a hydrophobic 
shell composed of alkyl tails.21,22  Because of the irregular chemical architecture of these 
molecules, with random branching and high polydispersity, they were usually not expected to 
form self-assembling regular structures on a large scale.23,24,25,26,27  Only on several occasions 
were hyperbranched polymers with relatively low molecular weight and low polydispersity 
actually observed forming organized structures..24,20,28  In these cases, the cores were 
compliant enough to adopt shapes appropriate for the dense and ordered packing of bulky 
terminal groups.   
 
Here, we demonstrate the remarkable novel ability of amphiphilic, hyperbranched 
molecules with irregular cores to self-assemble themselves into one-dimensional, multi-length 
scale structures, both in the form of nanofibers and as macroscopically long, perfectly straight 
microfibers, several centimeters in length.  We suggest that the combination of hydrogen 
bonding in the flexible cores and directional crystallization and/or π-π-stacking interactions of 
peripheral groups are responsible for the one-dimensional molecular designs demonstrated 
here.  To the best of our knowledge, this is a first example of the occurrence of near-perfect 
and uniform one-dimensional structures ranging from the nano- to the macroscale to be 
assembled from irregular, highly branched, multifunctional molecules. 
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The theoretical chemical structure of amphiphilic hyperbranched molecules studied 
here, is presented in Figure 6-1.21  Chemical modification procedures and comprehensive 
characterization of the chemical structures were presented in a separate publication (Ref. 21) 
and here we present only a brief description (see also Experimental).  The polyester core after 
fractionation had a degree of branching of 42% as determined from combined proton and C13 
Nuclear Magnetic Resonance (NMR) (Experimental and Ref. 21) in accordance to the 
procedure well-established for hyperbranched polyesters.29   
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   Molecule 1     Molecule 2 
Figure 6-1.  Theoretical chemical structures of the amphiphilic hyperbranched 
polyester core (the degree of branching of 42%) with alkyl and amine terminal groups 
(molecule 1) and anthracene terminal groups (molecule 2) (molecules are shown at different 
scales).   
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The amphiphilic nature of these hyperbranched molecules allow them to form stable 
monomolecular layers at the air-water interface with hydrophobic terminal branches packing 
on the surface when compressed. 21  Because of chemical composition, molecules 1 with a 
large content of hydrophobic shell with long peripheral alkyl tails were much more stable at 
the air-water interface than molecule 2 with anthracene terminal groups as indicated by high 
compressibility of the Langmuir monolayers (not shown).  X-ray reflectivity and diffraction 
studies of these monolayers at the air-water interface showed the upward orientation of the 
alkyl terminal groups with polar cores spread at the water surface (see Ref. 21).   
 
Langmuir-Blodgett (LB) monolayers deposited on silicon substrates at very low 
surface pressures exhibited isolated, individual nanofibers with lengths of 300-600 nm as 
was discussed in detail elsewhere (Figure 6-2). 21,22  The nanofibers possess a low degree of 
branching and a “star-burst” morphology where several nanofibers grown from a single 
nucleus (Figure 6-2a).  At higher surface pressures, uniform nanofibers form densely packed 
bundles which have the length of several microns and effective thickness of 4 nm (Figures 
6-2c,d).  Their texture resembles a typical nematic liquid crystalline phase with orientational 
ordering and characteristic topological defects.30  These nanofibers are exceptionally stable 
under normal scanning conditions and could not be disrupted easily even in the hard tapping 
mode.  Contact angle measurements showed modestly hydrophobic surface (contact angle of 
about 60o) predominantly covered by alkyl tails as expected if the transfer from the air-water 
interface to the hydrophilic surface of silicon does not alter structural organization, which is 
usually observed for amphiphilic organic compounds.31   
 
Atomic force microscopy (AFM) imaging with a very sharp carbon nanotube tip 
reveals that these one-dimensional structures are, in fact, truly molecular nanofibers formed 
from semi-cylindrical micelles in which hydrophilic cores are packed together at the surface 
as is discussed in detail elsewhere.21  Packing in one-dimensional structures provides the 
best chance for the amine, hydroxyl, ester, and carboxyl groups of the cores of neighboring 
molecules to form a dense, hydrogen bonded network, allowing strong polar interactions 
without significant interference from the terminal groups.  A broad adsorption band on FTIR 
spectra around 3500 cm-1 confirmed the presence of hydrogen bonding in these materials.21  
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These multiple mobile interactions between the flexible cores stabilize the nanofibers and 
make them robust, albeit flexible, unlike the metastable semi-cylindrical micelles formed by 
conventional surfactants. 16,32   
 
B A
D C
600 nm1.5 mm
1.5 mm 1.5 mm
 
Figure 6-2.  AFM phase images of nanofibrillar structures from hyperbranched 
molecule 1 obtained from Langmuir-Blodgett monolayers on silicon substrates at different 
surface pressures: a) 2 mN/m; b) 5 mN/m; c, d) 30 mN/m, different scales. 
 
Remarkably, slow crystallization from very concentrated solutions (gels) of either 
hyperbranched molecule results in the growth of uniformly oriented, very long (several 
centimeters) bundles of ideally straight microfibers from a few crystallization centers on a 
glass surface (Figure 6-3).  The orientation and length of the microfibers depends upon 
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crystallization conditions.  For a higher concentration of nuclei, smaller, needle-like crystals 
are frequently observed while a few nuclei cause unrestricted growth of ideally straight 
microfibers with a length limited to the sizes of the glass substrate.  The microfibers formed 
by molecule 1 have a low melting temperature, of about 35˚C, and can be easily dissolved and 
recrystallized from either the solution or the melt.  Similar but less ordered, long microfibers 
were observed forming for molecule 2 with athracene terminal groups (Figure 6-3).  These 
microfibers are extremely stable at higher temperatures and do not melt up to 200˚C.  
Furthermore, since these microfibers are held by weak intermolecular interactions, they too, 
can be dissolved and reformed multiple times.  Under excitation with 250 nm UV light, strong 
fluorescence is observed from these fibers indicating stacking of anthracene fragments and 
efficient energy transfer (Figure 6-3).   
5 mm 1 mm
50 mm
 
Figure 6-3.  Optical micrographs of long microfibers from molecule 1 (left, bright 
field optical microscopy) and molecule 2 (bottom, fluorescence image; insert shows an 
individual microfiber at higher magnification). 
 
Long and perfectly straight microfibers are seen on microscale (tens of microns) with 
AFM and macroscale (millimeters-centimeters) with optical microscopy (Figure 6-4).  Optical 
micrographs reveal the overall near-perfect straight shape of the microfiber bundles with 
lateral sizes below 100 microns extending beyond an optical view-field.  On the other hand, 
AFM imaging focusing on smaller microfibers with lateral dimensions below several microns 
demonstrates their straight shape with the length extending up to a hundred of microns (Figure 
6-4a,b).  The frequently observed split shape of the ends of the microfibers (Figure 6-4b) 
indicates the possibility that the fibers possess a hollow structure, which should be a subject of 
  
96 
further studies.  Careful AFM analysis of the microfiber morphology of molecule 1 at high 
magnification reveals not only their straight shape but also near-rectangular cross-section with 
sharp edges (Figure 6-4c).  The shape is very persistent with very minor variations of the 
dimensions along the structures.  These structures show very uniform height in the range from 
50 to 100 nm in most cases.  Their top surface displays the multilayered, “onion-like” 
morphology with the height of a single layer within 1.5-2 nm (Figure 6-4c).  This height 
corresponds to the expected thickness of a single layer formed from packed palmitic chains 
(2.2 nm).33  The general morphology of the microfibers formed from molecules 2 is similar to 
that discussed above for molecule 1.  
 
X-ray diffraction of the microfibers from molecule 1 showed a partially-crystalline 
state with a significant fraction of the amorphous phase formed by the poorly crystallizable 
hyperbranched polyester core (Figure 6-5).  The two slightly sharper peaks can be attributed to 
the orthorhombic unit cell (a =7.4 Ǻ, b =4.9 Ǻ) of the crystalline alkyl chains with parameters 
close to those observed for polyethylene backbones.34  The diffuse character of these peaks 
indicates a defective molecular packing with the dimensions of the ordered regions below 4 
nm as estimated from the peak widths.  This is close to the dimensions of the individual 
molecule and suggests significant defects forming along the borders with adjacent molecules.   
 
X-ray diffraction data from the fluorescent microfibers composed of molecule 2 shows 
a series of sharp peaks that indicates a highly ordered crystalline structure in which the 
anthracene terminal groups exhibit long range order (Figure 6-5).  The X-ray diffraction 
pattern corresponds closely to that observed for anthracene carboxylic acid compounds with 
columnar stacking of the rigid fragments. 35   The strongest peak at 4.7 Ǻ corresponds to the 
[002] d-spacing along the main axis of the anthracene molecules and implies an edge-to-edge 
packing.  In contrast, a sharp [200] peak at 3.6 Ǻ reflects a dense, face-to-face packing of the 
rigid flat fragments.  An absence of the first order reflection [100] suggests a centrosymmetric 
packing for the anthracene fragments.  The d-spacings are very close to the molecular 
dimensions of the anthracene fragment (10 Ǻ and 3.6 Ǻ, respectively). 30  The absence of 
[0k0] reflection indicates broken correlations in the b-direction and the formation of one-
dimensional columnar-like structures. 
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Figure 6-4.  AFM and optical images of straight polymer microfibers at different 
spatial scales: a, b) Large-scale AFM topographical images of polymer microfibers, 
distortions come from local scanning instabilities because of weak tethering of fibers to 
substrate; c) Higher resolution 3D AFM image of microfiber edge, demonstrating multiple 
molecular steps on their surface and overall shape, top: 3x3x0.3µm, bottom: 2.2x2.2x0.4µm; 
d) Optical micrograph of individual straight microfibers from molecule 1 with overall length 
of several centimeters.  
 
The organized structures observed here can be considered as truly one-dimensional 
assemblies because their length far exceeds the lateral dimensions (>100 times).  This is true 
for both nanofibers observed within LB monolayers and microfibers formed in the course of 
slow crystallization from solution.  However, if nanofibers with lateral dimensions close to a 
single molecule cross-section can be considered as truly molecular fibers, longer microfibers 
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show more complicated structure with local two-dimensional morphology, a characteristic of 
lamellar polymer single crystals.36  The morphology reported here resembles large, one-
dimensional lamellar structures as seen in branched polyethylene chains, microfibers of a sub-
micron length, recently observed for planar, shape-persistent dendrimers, and the rod-like 
mesoscale crystallization seen from dye molecules.17,37,38  The microfibrillar structure 
observed is also similar to that recently reported for another type of hyperbranched molecules 
with hydrophilic terminal branches.28  However, only a small fraction (10%) of these 
molecules formed ordered structures while, in our case, all material is involved in organized 
structures.   
 
5 10 15 20 25 30 35
0
150
300
450
600
750
900
In
te
n
si
ty
 
(C
PS
)
2θ (Degrees)
5 10 15 20 25 30 35
0
1000
2000
3000
4000
5000
6000
 
In
te
n
sit
y 
(C
PS
)
2Θ  (Degrees)
 
Figure 6-5.  X-ray data for the solid state of molecules 1 (left) and molecules 2 (right). 
 
Considering the data on surface morphology and the molecular dimensions obtained 
from molecular models, we can suggest that the microfibers observed for molecule 1 are 
formed by the directional crystallization of alkyl chains dominating shells with a preferential 
growth along one direction (Figure 6-6).  Dense lateral packing of the anizodiametric 
molecules (stacking) is suggested as the way to assemble one-dimensional continuous steps 
running parallel to the edges (Figure 6-4c).  On the other hand, the formation of highly 
ordered, one-dimensional columnar structures from anthracene groups stacked in a face-to-
face manner can be considered the primary cause for the formation of straight microfibers in 
the case of molecule 2 (Figure 6-6).  We suggest that the terminal alkyl chains or anthracene 
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groups are packed in anti-parallel manner and form an interdigitated bilayer structure with a 
central core confined between shell-forming layers.   
 
Figure 6-6.  Molecular graphics of suggested bilayer packing of hyperbranched 
molecules with interdigitated alkyl tails (a single step is marked by a yellow line) (left) and 
columnar stacking of anthracene terminal groups (a bilayer packing is shown and stacked 
anthracene fragments are marked by a yellow rectangular) (right). 
 
In conclusion, our findings show that well-defined, shape-persistent, and near-perfect 
one-dimensional organized structures spanning over a range of spatial scales from nano- to 
macroscale can be assembled from irregular, highly-branched, flexible molecules with 
appropriate balance of hydrophobic-hydrophilic interactions and specific interactions between 
cores and shells.  These molecules, which can be called “multi-branched amphiphiles” 
resemble the surface behavior of conventional amphiphiles with clearly defined, singe-
group/chain polar and hydrophobic fragments but have wider versatility.  We believe that the 
amplification of weak interactions between irregular branched molecules can result in a strong 
tendency towards the assembly into one-dimensional supramolecular structures in a wide 
range of spatial scales.  We suggest that the directional crystallization of multiple peripheral 
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branched fragments attached to irregular cores can be responsible for assembling near-perfect, 
straight, uniform, multilength-scale supramolecular one-dimensional structures.  These results 
show a critical role of having a highly branched chemical structure with multiple specific 
intermolecular interactions in the assembling of organized supramolecular structures and 
extend the known concept of steric balance and intermolecular interactions beyond well-
defined shape-persistent (e.g., rod-dendron) architectures. 
 
6.2. Experimental 
Chemical modification and comprehensive characterization are described in detail 
elsewhere.21  All chemicals used in this work were purchased from Aldrich and used without 
further purification.  Hyperbranched polyester core, Boltorn H40, was obtained from Perstorp 
Polyols AB, Sweden.39  The initial polydispersity of commercially available hyperbranched 
polyester core of 4th generation was 1.88.  Polyester was first dissolved in acetone and ethyl 
ether was added.  Precipitated polymer was filtered and washed twice with a mixture of 
acetone:ether (1:1).  The purified product gave a yield of 50% of the hyperbranched core with 
Mn of 6000 and the polydispersity of 1.35 as estimated from Gel Permeation Chromatography 
(GPC) measurements.  The esterification was conducted in two steps using a standard acid-
alcohol coupling procedures. 40  The products were purified from carboxylic acids by using 
column gel-chromatography.  The second esterification was performed according to the 
procedure for esterification of star-polymers. 41  The degree of substitution after reaction was 
controlled by GPC.  
 
The chemical composition was confirmed via characterization with GPC, H1 and C13 
NMR, and Fourier Transform Infrared (FTIR) spectroscopy.  GPC measurements were 
carried out to monitor trends in the variation of molecular weight and PDI as measured 
against polystyrene standards.  These measurements were conducted in THF solution using a 
Waters Breeze 1500 GPC system.  1H NMR and 13C NMR spectra were recorded on Varian 
VXR 300 MHz spectrometer with the solvent proton signal as the internal standard.  FTIR 
measurements were conducted on a Shimadzu 8300 spectrometer in attenuated total 
reflection (ATR) mode. 
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For LB studies, the hyperbranched polyesters were dissolved in chloroform and LB 
monolayer deposition was conducted using a LB trough (R&K Germany) according to the 
usual procedure.42  The substrates for molecule deposition were atomically polished silicon 
wafers of the [100] (Semiconductor Processing, Co.). Silicon wafers were cleaned by a 
“piranha” solution as described elsewhere.43   Crystallization was conducted by melting the 
polymer with a small amount of THF or ether (20%) under gentle heating followed by slow 
solvent evaporation for two days and cooling solution to room temperature.  The final product 
was placed in a vacuum oven for one day to remove traces of the solvent. 
 
Optical micrographs of blue fluorescence (λmax=420 nm) from anthracene-containing 
fibers were obtained by illuminating the sample with a 252 nm wavelength in a dark room.44  
The X-ray measurements of bulk polymers were performed on a Scintag XDS-2000 X-ray 
diffractometer using monochromatic Cu Kα radiation.  Static contact angle (sessile droplet) 
measurements were conducted using a custom-designed optical microscopic system.  Film 
thickness was measured by a Compel automatic ellipsometer (InOm Tech, Inc.).  Surface 
morphology was studied with Dimension 3000 and Multimode (Digital Instrument, Inc.) AFM 
microscopes in the tapping mode according to a usual experimental procedure adapted in our 
lab.45  Precautions were taken during scanning to avoid damaging the molecular layers.   
 
Molecular modeling was performed with the Materials Studio program.  The results 
were primary used for visualizing the molecular shape and for estimating the most probable 
molecular dimensions for comparison with structural parameters obtained from AFM imaging.  
For the model with separate packing of the hyperbranched core and terminal groups (alkyl 
tails or anthracene fragments), the core in a flattened conformation was used and the terminal 
groups were added before the molecular dynamic and energy minimization were executed to 
assure the proper state of molecular packing.  
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7.1. Abstract 
A series of amphiphilic hyperbranched polymers with a polyester-polyol core and 64 
terminal hydroxyl groups was modified by substituting various terminal groups: alkyl tails, 
amino, and carboxyl groups.  The effect of the pendant groups’ chemical composition on the 
resulting surface morphology within Langmuir-Blodgett monolayers in respect to their 
ability to form nanofibrillar structures was investigated.  We demonstrated that the 
monomolecular nanofibrillar morphology was consistently formed as the highly polar 
functional groups were added to the polyester cores in combination with a significant 
(>30%) fraction of alkyl terminal groups.  Adding amino end groups was observed to be 
much more effective in the promotion of nanofibril assembly than the addition of carboxyl 
end groups.  
 
                                                 
§
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7.2. Introduction 
Hyperbranch polymers’ thermal, mechanical, and physical properties can be tuned 
several ways by varying internal chemical structure, backbone flexibility and branching, and 
inner and outer functional groups nature and distribution.1,2,3,4,5,6  When no precise structural 
organization and specified placed functionalities are required, hyperbranched polymers are 
considered good candidates for a variety of applications requiring low viscosity and high 
density of functional groups. 7,8,9,10,11,12,13,14,15,16,17,18,19,20,21  Highly branched polymers have 
been recently investigated for sensor applications including aromatic hyperbranched 
polyesters with differing end groups for chemical sensor applications 28, hyperbranched 
hydrogen-bond acidic polymers for surface acoustic wave sensor applications 22, and 
hyperbranched polyesters with different terminal groups as a sensitive layer for solvent 
detection 23.  Chemical modification of hyperbranched cores with different terminal groups 
can alter interfacial behavior, adjusting known non-covalent interactions including hydrogen 
bonding, polar interaction, and π-π stacking. 24,25,26  E.g., Li et al 26 reported fluorinated 
functional groups attached to hyperbranched polyglycidol strengthened the interaction 
between molecules, reflected in viscosity and thermal properties.  A hyperbranched polymer 
core with the substituted terminal hydroxyl groups with benzoyl chloride shows aggregated 
morphology controlled by a quantity of benzoyl terminal groups was reported by Jiang et al. 
27 
 Other researchers focused on adjustments made to the polymer core and whether it can 
govern self-assembly properties, reducing the influence of end groups. 24  Sparse studies 
have been done to date for systematic exploration of factors effecting multifunctional 
hyperbranched polymers’ self-assembly.   
 
In the case of adsorption on a solid surface, the surface structures are controlled by 
the composition of aliphatic and polar groups which determine the character of highly 
branched polymers’ self assembly at the air-water interface. 28,29,30  While much research 
work has gone into understanding and directing surface assembly of dendrimers 
31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47
 and star block copolymers 48,49,50,51, the assembly of 
hyperbranched molecules at surfaces remains a challenging task and has been addressed 
only in a few studies. 52,53,54,55,56,57,58,59  Moreover, there are only a handful of reports on the 
formation of organized nanostructures from hyperbranched molecules composed of 
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irregular, random branched fragments with the degree of branching well below that observed 
for the dendrimer architecture. 60  They are not expected to form regular supramolecular 
structures because of their high polydispersity, irregular architecture, and poorly defined 
shape.  Yet as we have recently shown, multiple weak intermolecular interactions among 
irregular, highly branched, and polydisperse branches can facilitate their assembly into 
uniform one-dimensional supramolecular structures.  This phenomenon was observed for 
modified hyperbranched polyesters with 64 terminal groups partially modified with aliphatic 
chains and amino groups.  These are remarkably well ordered structures that show long 
micro- and nanofibers.60,61  However, only two examples of particular chemical 
compositions with a particular fraction of amino terminal groups were observed to be 
capable of forming one-dimensional surface structures.60,62  The possibility of such a 
peculiar assembling behavior in the presence of other terminal groups (e.g., carboxyl) and a 
different overall composition of amphiphilic shells has not been addressed. 
 
In this paper, we focus on understanding the role of amphiphilic balances and the 
combination of functional terminal groups in nanofibrillar self-assembled structure 
formation within Langmuir monolayers of modified hyperbranched polyesters.  For this 
study, a series of hyperbranched polyesters were synthesized from commercial polyol 
Boltorn BH40 with about 64 terminal groups via step-wise end-grafting of the palmitic acid 
group followed by either aminohexanoic acid or succinic acid grafting.  The objective of this 
assay was to screen a larger range of outer shell compositions by varying the number of 
hydrophobic alkyl groups and ionic amino- and carboxyl terminated groups.  Examination of 
self-assembly in LB monolayers with AFM provides an insight into how the variable shell 
composition affects the resulting surface morphologies. 
 
7.3. Experimental Section 
7.3.1.Materials  
Hyperbranched polyester Boltorn H40 was obtained from Perstorp Polyols AB, 
Sweden, and was purified before use.  All additional chemicals were purchased from 
Aldrich and used without further purification.  The initial polydispersity of hyperbranched 
polyester used here was 1.88.  Before modification, the commercial product was purified to 
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remove low molar weight fractions.  Fractional precipitation of the hyberbranched polyester 
core and functionalization were performed according to the procedure stated elsewhere.60  In 
summary, the typical degree of branching of the polyester core afterwards was 0.4; the 
average number of monomeric units (the degree of polymerization) was 60, and the number 
average molecular weight of the initial core obtained from NMR data was 7800 with GPC 
showing much lower values as is expected for branched molecules.   
 
Tailoring of the hyperbranched polymer used in this research utilized traditional 
methods of ester and amide syntheses. 60,63,64  Terminal hydroxyl groups of the core were 
esterified with palmitoyl chloride (Palm), aminohexanoic carboxylic (Hex) acid and 
succinic anhydride (Suc).  Scheme 7-1 shows major steps in the preparation of a series of 
amphiphilic hyperbranched polymers.  At the first step, the hyperbranched polymer was 
modified with alkyl and carboxylic acid groups to assure its amphiphilic properties.  
Synthesis of aliphatic esters was performed via reaction with palmitoyl chloride.  Synthesis 
of the compound with NH2 terminal groups was done following the known procedure. 60  
Every step of the synthesis was followed by purification of the product using column 
chromatography and dialysis.  Purity of the product was confirmed using GPC analysis.  
Compounds were fully characterized by FTIR, GPC, 1H-NMR, and 13C-NMR as discussed 
in numerous publications on hyperbranched polyesters coming from our groups as well as 
from other research groups. 60,65,66,67,68  The chemical composition of synthesized polymers 
was estimated from 1H and 13C NMR similarly to that described in detail for similar 
compounds in our previous publications. 60,61  Chemical structures and molecular models 
built with ChemDraw and Materials Studio gave estimated dimensions of the molecules.  
The data for the composition and molecular weight of all compounds studied here are 
collected in Table 7-1. 
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Scheme 7-1. Chemical modification of the polyester core.  Abbreviations palmitoyl 
(Palm), aminohexanoic (Hex) and succinic (Suc). 
 
7.3.2. Fabrication of the surface structures  
The substrates for LB deposition were atomically flat polished silicon wafers of the 
[100] orientation (Semiconductor Processing, Co.).  Silicon wafers were cleaned by a 
“piranha” solution according to usual procedure described in detail elsewhere. 69,70  Silicon 
substrates were cut into pieces of 15 by 20 mm.  The hyperbranched polyesters were dissolved 
in chloroform and LB monolayer deposition was conducted using LB troughs (R&K and 
KSV).  35 µL of a dilute solution in chloroform was deposited onto the Nanopure water (18 
MOm cm) surface.  The concentration of a solution was 0.043 mmol/L.  Barriers were made to 
compress at the rate of 50 µm/s.  The monolayers were deposited at 1, 5, 10, 20, and 30 mN/m 
surface pressures.  All monolayer thickness measurements were obtained with a COMPEL 
Automatic Ellipsometer (InOm Tech, Inc.) with an incident angle of 70° and refractive indices 
estimated from chemical composition. 
 
7.3.3. LB monolayers characterization 
The LB monolayers on a silicon surface were studied with AFM microscopes 
Dimension 3000 and Multimode (Digital Instrument, Inc.) in the tapping mode according to 
the experimental procedure well established in our lab and described earlier. 71,72  The AFM 
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imaging in concurrent topography and phase modes was performed in the regime of the 
“light” tapping to avoid damaging of the monolayers.  The shape of the AFM ultrasharp 
silicon probes was evaluated by scanning a reference specimen of gold nanoparticles with a 
diameter of 3-5 nm.  Scan sizes were collected with 10, 5, 2, and 1 µm scan sizes and at a 
scan rate of 0.6 Hz in most cases.  
 
7.4. Results and discussion 
Amphiphilic hyperbranched polyesters with identical cores and different shell 
compositions are separated into three groups for discussion as shown in Scheme 7-2.  A 
summary of the polymers’ molecular characteristics are listed in Table 7-1.  The chemical 
structure of the polyester core used for functionalization is presented in Figure 7-1a.  Also 
shown are molecular models for two selected compounds studied here demonstrating the 
overall shape and idealized distribution of the various terminal groups, presented in Figure 
7-1b, c. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 7-2. Grouping of modified hyperbranched compounds. 
The first group of hyperbranched polymers is comprised of three polyester cores with 
different numbers of palmitic terminal groups:  18, 25, and 39.  The maximum substitution 
number for this hyperbranched polymer is 64 since the core structure has on average 64 
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terminal hydroxyl groups.  However, due to sterical hindrance, it is often impossible to 
achieve full substitution, thus the final number of alkyl chains attached can deviate from 
initially calculated.  After including in the consideration that the previously explored 
hyperbranched polymer had 50 alkyl tails, the series considered here covers a range of 
contents from 30% to 80% of alkyl terminal groups.   
 
Table 7-1. Hyperbranched polymers studied and their characteristics. 
G
ro
u
p Name Number 
of alkyl 
tails  
Number 
of COOH
Number 
of NH2  
Number 
of free 
OH 
Mn, 
(GPC), 
kDa 
PDI 
(GPC),
Mn, 
(NMR), 
kDa 
0 core none none none 64±2* 3.8 1.4 7.8 
         
P39 39±2 none none 25±2 8.0 1.6 16.6 
P25 25±2 none none 39±2 6.7 1.5 13.2 
I 
P18 18±2 none none 46±2 5.8 1.6 11.6 
         
P39NH29 39±2 none 9±2 16±2 10.8 1.5 17.6 II 
P39NH211 39±2 none 11±2 14±2 12.4 1.5 17.8 
         
P25COOH25 25±2 25±2 none 14±2 11.3 1.5 16.1 III 
P39COOH25 39±2 25±2 none 0 13.5 1.6 19.1 
* here and every where, accuracy corresponds to estimated typical NMR uncertainty. 
 
Here, it is worth noting that because the chemical modification reaction parameters are 
strongly dependent upon the molecular weight of the final compound and the degree of the 
substitution of the end groups, the precise control of the exact number of the substituted chains 
attached varied and did not correspond to any “round” fraction (see Table 7-1).  However, 
considering relatively narrow (for hyperbranched polymers) molecular weight distribution (the 
polydispersity index within 1.4-1.6) the average parameters can be exploited for the analysis 
of the compositional trends.  In all cases, the accuracy of the NMR-based derivation of the 
number of modified groups estimated from repeated measurements of different probes is very 
consistent and small in comparison with differences between samples (Table 7-1).  The 
presence of the low molar weight fraction as well as the presence of the high molecular weight 
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molecules is apparently smearing the surface behavior but do not significantly mask general 
trends discussed below. 
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Figure 7-1.  Representative molecules (A) Chemical structure of Core BH40; (B,C ) 
molecular model of P25COOH25, (D,E) P39NH211. Zoomed structures (C and E) depict 
location of ionic group blue – amino group (E), and purple – hydroxyl of carboxylic group 
(E). 
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Group II includes two amphiphilic molecules with the same number of alkyl groups 
at 39 and a different number of terminal amino groups at 9 and 11 (Scheme 7-2).  Group III 
represents two polymers with the same number of 25 carboxyl groups and a different 
number of aliphatic groups, 25 and 39 respectively (Table 7-1).  The results obtained here 
are also compared with the modified hyperbranched polyester studied before with 50 alkyl 
tail and 14 amino groups. 60  The name of the polymer reflects the number of each palmitic 
and ionic group in each polymer as calculated from 13C NMR analysis. (Table 7-1)  
 
Group I.  Alkyl-substituted hyperbranched polymers: P39, P25, P18.  The alkyl 
substituted hyperbranched polyesters showed a small variance in the surface area per 
molecule as can be seen from the pressure area isotherms for all three compounds presented 
in Figure 7-2.  The limiting surface area calculated by the extrapolation of the steep rise in 
the surface pressure in the condensed monolayer state, in accordance with a usual procedure, 
displayed a small variation.  The limiting surface area per molecule Ao for all three polymers 
stayed around 15 nm2 73 (Figure 7-2, Table 7-2).  The P18 compound exhibited a more 
gradual transition in the surface pressure and the slightly lower surface pressure for the pre-
collapsed state indicating less stable monolayers and thus a shift of the overall hydrophilic-
hydrophobic balance from the most favorable.  The variation of alkyl substitution plays a 
minimal role that indicates significant restructuring of the overall core shape and its 
predominant role in the formation of the densely packed monolayer.   
 
However, the thickness of the LB monolayers increased as the amount of the alkyl 
substitutions increased at both 5mN/m pressure and 30mN/m pressure, indicating a trend to 
the upward orientation of the alkyl tails and possible crystallization of the alkyl terminal 
chains.  This trend is more clearly apparent for compounds with larger numbers of alkyl tails 
(Table 7-2).  This suggestion is based on our previous results for similar hyperbranched 
compounds within Langmuir monolayers.  In fact, the processes of upward orientation and 
chain crystallization have been directly observed for hyperbranched compounds subjected to 
the compressive pressure by applying in-situ synchrotron diffraction studies as discussed in 
detail in our previous publications. 52,60  
 
  
114 
5 10 15 20 25
0
10
20
30
40
50
60
Su
rfa
ce
 
pr
es
su
re
, 
m
N/
m
Area per molecule, nm2
 P39
 P25
 P18
 
Figure 7-2. Langmuir isotherms of alkyl-substituted hyperbranched polymers, Group I. 
 
Table 7-2. Limiting surface molecular area and the monolayer thickness for Group I at 
pressures 5 mN/m and 30 mN/m. 
Name Ao, nm2 t5, nm t30, nm 
P18 14.5 1.6 2.5 
P25 16 1.7 2.8 
P39 15 1.8 3.3 
 
To determine the cross-section limiting surface area per molecule, the surface area 
per alkyl tail can be calculated as described in previous publications, taking 0.2 nm2 as the 
known surface area per alkyl tail. 73  Using the known numbers of alkyl tails as 18, 25, and 
39, the total projected surface area per molecule occupied by the hydrophobic alkyl shell 
was estimated to be 3.6, 5, and 7.8 nm2, respectively.  However, the actual limiting surface 
area per molecule calculated from the surface area isotherms show much larger values, 
indicating that the hyperbranched polymer core, not alkyl tails, limits the surface molecular 
area even for the largest number of alkyl tails studied here.   
 
Shown in Figure 7-3 is the smooth surface texture of LB monolayers as viewed by 
AFM (tapping mode) for alkyl substituted hyperbranched molecules at low and high surface 
pressures.  All modified hyperbranches with alkyl tails in their shells showed no 
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characteristic fibrous structures even at high degrees of substitution.  Surface roughness was 
very low at 0.1nm RMS microroughness, measured within 1 µm2 surface area.  P39 
compressed to 30 N/m showed a slightly higher RMS microroughness of 0.3 nm due to the 
formation of nanoscopic islands with an average height of 0.9 nm.  This structure can be 
contributed to the formation of closed packed crystalline areas formed with vertically 
oriented alkyl tails and surrounded by less ordered regions.  This kind of molecular ordering 
cannot be achieved with a lower degree of substitution because of the lower surface density, 
loosely packed aliphatic chain groups and the dominating role of the polyester cores in the 
lateral ordering.  Finally, it is worth noting that the compound with the lowest number of 
alkyl tails looses its amphiphilicity after any substitution with amino or carboxyl groups.  It 
also becomes soluble in the water subphase, indicating that ¼ substitutions of the polyester 
core end groups with alkyl tails is close to the boundary condition where the hydrophilic-
hydrophilic balance is still sufficient to support hyperbranched molecules at the air-water 
interface.    
 
Group II.  Amino-alkyl substituted polymers: P39NH211, P39NH29.  The presence of 
amino terminal groups makes the polymer core more hydrophilic and lands the polymer 
hydrogen bonding capability, resulting in denser molecular packing.  A significant change in 
the surface molecular area is observed upon the addition of amino groups along with alkyl 
tails (Figure 7-4).  Addition of amino groups yielded a lower Ao, indicating a more compact 
structure of the polyester core (Table 7-3).  These changes are accompanied with a more 
gradual transition upon compression.  The thickness of the LB monolayers decreased 
significantly upon addition of amino groups at high pressure when compared to alkyl-
substituted P39, reflecting substantial reorganization of the intramonolayer structure.  The 
change is less pronounced for the compound with 11 amino groups and is much more 
dramatic for the compound with 9 amino terminal groups (Table 7-3). 
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Figure 7-3. AFM images of LB monolayers at different pressures, Group I. Z-scale 5nm. 
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In fact, AFM shows a dramatic change of the surface morphology in both amino-
containing compounds as compared with initial alkyl-modified cores (Figure 7-5).  Both 
amphiphilic hyperbranched molecules with combined alkyl and amino terminal groups are 
capable of forming nanofibers with dimensions very similar to those reported previously.60  
The density of the nanofibers is increasing with the surface pressures.  Densely correlated 
bundles which combine 5-7 nanofibrils were observed at the highest pressure for the 
compound with 9 amino groups.  Occasionally at low pressure, very peculiar structures of 
closely spaced parallel stacks of these nanofilaments were formed.  The height of the 
nanofibers evaluated from AFM cross-sections is 0.8 nm.   
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Figure 7-4. Langmuir isotherms of amino-alkyl substituted hyperbranched polymers,   
Group II. 
 
Table 7-3. Limiting surface molecular area and monolayer thickness for Group II at 
pressures 5 mN/m and 30 mN/m. 
Name Ao, nm2 A1, nm2 t5, nm t30, nm 
P39N11 13 23 1.8 2.3 
P39N9 12.5 18 1.0 1.8 
P39 15 25 1.8 3.3 
 
The morphology of the nanofibrillar texture is very different for two amino-
containing compounds studied here.  Unlike the hyperbranched compound with 9 amino 
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groups, the P39N11 molecules form very few nanofibers scarcely placed over the surface (5-
10 per 1 µm2), while P39N9 compound forms a dense network of filaments (Figure 7-5).  
Dimensions of these nanofibers are similar to these described in our previous report on the 
hyperbranched compound which can be named P50N14, using the present naming terms.60  
Close similarity of the nanofibrillar morphologies allows us to assume that structure 
formation mechanisms are similar since the polymers have the same functional groups and 
are only slightly different in the overall composition.  Driving forces for this assembly come 
from two major factors: hydrogen bonding among the carbonyl groups of the core structure 
and the amino groups of aminohexanoic acid, as well as crystallization of alkyl tails under 
compression.  
 
   
   
Figure 7-5. AFM images of LB monolayers at different pressures, Group II. Z-scale 
A,C -3nm B,D -5 nm. 
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The absence of a dense nanofibrillar network for the compound with a fewer number 
of alkyl tails and higher number of amino terminal groups, even at high surface pressures, 
can be rationalized by suggesting a stronger trend toward phase separation within LB 
monolayer which favors planar ordering of the alkyl tails on the expense of the association 
of the polyester cores.  In this case, the hyperbranched molecules likely form microphase 
separated layers of alkyl tails and cores, which prevents the formation of one-dimensional 
fibrillar structures.  Isolated fibrillar structures are likely formed on defects and interdomain 
boundaries. 
 
Group III.  Carboxyl-alkyl substituted polymers: P38COOH25, P25COOH25.  The 
inclusion of COOH terminal groups showed the most dramatic effect on the modified 
hyperbranched compounds’ surface behavior (Figure 7-6).  Compound P25COOH25 
possessed the lowest surface molecular area among all compounds studied here (Table 7-4).  
The addition of acidic COOH groups shifts the balance between the hydrophilic cores and 
hyrdrophobic alkyl tails, making the cores much more compact.  The alkyl tails then take on 
more upright orientations at higher surface pressures.  The larger amount of alkyl tails in 
P39COOH25 buffers the added hydrophilic effect more effectively but even in this case, 
significant compactness of the modified polyester cores is obvious from the pressure area 
isotherms (Figure 7-6).   
 
Table 7-4. Limiting surface molecular area and monolayer thickness for Group III at 
pressures 5 mN/m and 30 mN/m. 
Name Ao, nm2 t5, nm t30, nm 
P25COOH25 8 1.4 2.3 
P25 16 1.0 1.9 
P39COOH25 14 1.8 2.5 
P39 15 1.8 3.3 
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Figure 7-6.  Langmuir isotherms of carboxyl-alkyl substituted polymers, Group III: 
P39COOH 25, P25 COOH 25, vs alkyl substituted compounds. 
 
The surface morphology studies of the carboxyl-containing compounds revealed a 
very different pattern (Figure 7-7).  First, hyperbranched compound P39COOH25 formed 
very few fibers.  Moreover, the density of the fibers for this polymer does not change much 
with an increase of the surface pressure.  These fibers have different shapes and resemble 
the edges of grain boundaries.  In contrast, dendritic or fibrous structures are formed in 
P25COO25 with fewer numbers of alkyl tails (Figure 7-7).  This surface morphology is very 
different from that observed before and its formation is pressure dependent.  At higher 
pressure, the density of dendritic fibers increases and at 20 mN/m, an extensive network of 
dendron-like filaments is observed.  Cross-section measurements point to monomolecular 
stacking morphology of these structures.  Apparently, in the case of carboxyl-terminated 
branches one-dimensional structures, they can be assembled within LB monolayers although 
they are not well developed as shown in both our previous studies and with the amino-
containing hyperbranched compounds studied here.  To form even imperfect one-
dimensional structures, a much higher concentration of carboxyl terminal groups is required: 
25 carboxyl groups (or 40%) as compared to 9 amino groups (or 14%).  Obviously, this 
difference can be attributed to the fact that despite the carboxylic groups are capable of 
  
121 
forming intermolecular hydrogen bonds which promote the nanofibrillar assembly, their 
ability to support an extensive and robust network of hydrogen bonding is below the 
networking ability of amino-carboxylic pairs which belong to the same or neighboring 
molecules.74 
 
   
     
Figure 7-7. AFM images of LB monolayers at different pressures, Group III. Z-scale A,C 
-3nm B,D -5 nm. 
 
7.5. Conclusions 
In conclusion, we observed that all alkyl, amino-alkyl, and carboxyl-alkyl substituted 
hyperbranched polyester cores with 64 terminal branches display amphiphilic properties and 
form stable Langmuir monolayers at the air-water interface.  Decreasing the fraction of the 
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alkyl tails to about 30% brings the compounds on the verge of unbalanced hydrophilic-
hydrophobic interactions with a slight increase in core polarity making molecules soluble in 
the water sub phase.  Addition of polar and hydrogen bond-making terminal groups to the 
polyester core promotes the formation of nanofibrillar morphology with few (<15%) amino 
groups resulting in well-defined and long individual nanofibrills and their bundles.  A large 
amount of carboxyl groups (40%) promotes the formation of imperfect and poorly 
developed fiber-like structures within LB monolayers 
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Chapter 8  
The formation of silver nanoparticles at the air-water interface mediated 
by functionalized hyperbranched molecules 
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8.1. Abstract 
Nanofibrillar micellar structures organized by the amphiphilic hyperbranched 
molecules served as a matter for the silver nanoparticle formation from the ion-containing 
water subphase.  The silver nanoparticles formed within the LB monolayer of 
multifunctional amphiphilic hyperbranched molecules capable of coordinating silver ions 
and assisting in reducing into metal nanoparticles.  Diameter of nanoparticles varied within 
2-4 nm and was controlled by the core and inter-fibrillar free surface areas.  Furthermore, 
upon addition potassium nitrate into subphase, the Langmuir monolayer was observed to 
template the nanoparticles along the micellar structures.  Suggested mechanism of the 
nanoparticle formation involves oxidation of primary amino groups by silver catalysis 
facilitated by “caging” of silver ions within surface areas dominated by the multibranched 
cores.  This system provides the example of a one-step process in which hyperbranched 
molecules with outer alkyl tails and compressed amine-hydroxyl cores mediated the 
formation of stable nanoparticles placed along/among/beneath the semi-cylindrical micelles. 
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8.2. Introduction 
Many areas of technology continue to place a high demand on the miniaturization of 
critical components of microelectronic devises such as optical, magnetic, and electrical 
sensors, and actuators. Most miniaturization strategies call for a new generation of 
composite materials based on inorganic nanoparticles and self-assembled molecular 
structures. 1,2,3,4,5,6  Inorganic nanoparticles exhibit a unique array of physical, optical and 
electrical properties that present great interest for microelectronic applications ranging from 
biosensing and catalysis to optics and data storage.  7,8  Numerous studies of a wide variety 
of inorganic nanoparticles with discrete compositions and sizes indicate that their properties 
are strongly affected not only by size and shape but their surface composition, specific 
spatial ordering, and interactions with surrounding media.9  While much research work has 
gone into controlling nanoparticle formation in solutions using wet chemical synthesis,10,11 
surfactants,12,13 and polymer templates, such as dendrimers 14,15,16 and hyperbranched 
molecules,17 the directed assembly of stable nanoparticles produced via these routes on solid 
substrates and interfaces remain challenging.  The shape and dimensions of the nanoparticles 
remain very sensitive to fine details of organic templates and controlling their growth and 
aggregation at nanometer scale level can be tricky. 
 
Langmuir-Blodgett (LB) deposition is a viable and proven technique for the 
fabrication of nanoparticles arrays on solid substrates with ordered organic monolayers 
serving as a template for adsorbing nanoparticles from the water subphase.18,19,20  Typically, 
the incorporation of metal ions into ordered monolayers composed of low molar weight 
amphiphilic molecules (e.g., fatty acids or block-copolymers) occurs at the air-liquid 
interface in the close proximity to the polar heads of amphiphilic molecules. 21  Mono- or 
multilayer films containing nanoparticles or ions are then fabricated and specific reducing 
agents should be used after the monolayer or multilayer transfer to solid substrate.  The 
utilization of reducing agents in the subphase has also been reported as an alternative 
routine.22  In a few instances, the use of a strong oxidizing agent for the oxidation of the 
head group of the amphiphile was observed to cause the reduction of the ions in the 
subphase and thus the formation of the nanoparticles23 and nanoribbons under the 
amphiphilic monolayer.24  However, in most cases these processes are time consuming, 
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contain multi-step routines, require additional reducing agents, and, in the case of 
dendrimers, can be quite expensive for large-scale fabrication.   
 
In the work reported herein, the unique spatial constraints created at the air-liquid 
interface by the nanofibrillar morphology of the functionalized amphiphilic hyperbranched 
molecules with hydrophilic core and hydrophobic shell were utilized to control adsorption of 
silver ions from water subphase.  The multifunctional character of hyperbranched molecule 
with hydroxyl and amine groups in the hydrophilic polyester core combined with 
hydrophobic alkyl shell was observed to provide the necessary balance in assisting silver ion 
adsorption from the water subphase.  The formation of silver nanoparticles under/within the 
monolayer filled with nanofibrillar bundles of semi-spherical micelles from hyperbranched 
molecules 25 was observed occurring without the use of external reducing agents or post-
deposition treatment step.  This one-step method using organized hyperbranched molecules 
at the air-liquid interface provides an effective and straightforward alternative to the multi-
step processes which have been reported to date. 
 
Used is this study amphiphilic HBP contained about 50 hydrophobic palmitic (C16) 
alkyl tails, 13 amine- (NH2) and 1-2 hydroxyl-terminated polar branches Figure 8-1.25,26  
The ability of the HBP to form one-dimensional nanofibers at the air-water interface upon 
compression in Langmuir monolayers made it an attractive candidate for the templating of 
silver nanoparticles. The HBP template was expected to capture silver ions from the AgNO3 
solution due to the ligand interaction with primary amine groups present and further reduce 
silver into metal nanoparticles. 
 
8.3. Experimental Section 
Silver nitrate (Fisher Scientific) and potassium nitrate (Fisher Scientific), sodium 
borohydride (Aldrich) were use as received.  The amphiphilic hyperbranched molecule 
(hereafter referred to as HBP) used in this work was synthesized in-house from 
hypebranched polyester Boltorn H40 obtained from Perstorp Polyols AB, Sweden.  
Synthesis and chemical structure of the amphiphilic HBP has been described in recent 
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publications. 25,26,27  (Figure 8.1).  The HBP was dissolved in chloroform (1 mg/ml) and 
deposition at the air-water interface was conducted using the known procedure.28  A Riegel 
& Kirstein, GmbH (R&K-1), trough and a KSV Minitrough trough were used for LB 
monolayer fabrication and surface pressure-area (pi-A) isotherm measurements.  Subphase 
solutions contained 0.1 - 5 mM AgNO3 and 22 mM KNO3 dissolved in NanoPure water 
(resistivity > 18MΩcm).  All monolayers were deposited at a surface pressure of 10 mN/m 
onto polished silicon substrates with a (100) orientation which had been cleaned prior to use 
with the “piranha” solution as described elsewhere.29,30   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8-1. Idealized chemical structure of the hyperbranched polymer.26 
 
Tapping mode atomic force microscopy (AFM) imaging was used in a light tapping 
mode to ensure that the polymer layer was not damaged during scanning of the 
monolayers.31  Dimension-3000 and Multimode (Digital Instruments) microscopes were 
utilized for these studies.  Ultra sharp tips with radii below 15 nm were used for the imaging 
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(typical spring constant 3 N/m and average drive frequency 75 kHz).  The actual tip radius 
was determined before high-resolution scanning by imaging a gold nanoparticle standard 
sample using a known technique.32  The typical size of an image obtained in this work was 
0.5 – 10 µm. 
  
For X-ray photoelectronspectroscopy (XPS) studies of LB monolayers, a Perkin-
Elmer Multitechnique Chamber, model 5500, was used to determine the chemical 
composition of the thin films.  The experimental error for the high resolution spectra was ± 
0.25 eV.  The data was smoothed using a three-point smoothing function.  Grazing incident 
X-ray diffraction (GIXD) synchrotron studies from Langmuir layers at the air-liquid 
interface were performed at the 6ID beamline at the Advanced Photon Source (APS) in 
Argonne National Lab.33,34  An in-depth description of the setup and procedure is provided elsewhere.35  A 
germanium monochromator is used to select the X-ray beam energy (λ = 0.07653 nm).  A 
Phillips CM30 electron microscope with a LaB6 filament was operated at 300 kV and used 
to perform transmission electron microscope (TEM) studies of the monolayers deposited on 
silicon oxide and Formvar covered TEM grids purchased from Ted Pella. 
 
8.4. Results and discussion 
8.4.1. LB monolayers 
 Effect of presence AgNO3 in monolayers of amphiphilic hyperbranched molecules 
was studied from pi-A isotherms.  The HBP exhibited classic amphiphilic behavior on both 
water and aqueous AgNO3 subphases (Figure 8-2).  Limiting cross-sectional area of HBP 
did not change significantly in presence of AgNO3 in subphase.  When the concentration of 
the AgNO3 was increased (concentrations of 0.1, 1 and 5 mM were used), the only 
measurable deviation in area, 1 nm2 per molecule, as compared to that on a water subphase 
occurred when 5 mM AgNO3 was used.  Due to the molecular conformation of the HBP at 
air-water interface, the retaining of silver ions would occur under the large molecules and 
thus would not significantly affect the limiting cross-sectional area.  Indeed, the differences 
in magnitude between the size of the HBP molecule 26 (12 nm2) and that of the silver ion 
(0.08 nm2) prevent any significant changes in the overall surface areas if fewer than 5-10 
ions are adsorbed.  The initial molecular area at pi-A isotherms (the takeoff molecular area) 
was also observed to change as the subphase of AgNO3 in the subphase was greater than 0.1 
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mM, with a magnitude of change of 3.3 nm2.  In previously reported studies of low molar 
weight amphiphiles at the air-liquid interface, an increase in the takeoff molecular area when 
ions were present in the subphase was associated with interactions between the molecule’s 
head group and the ions in the subphase.23  Therefore, the association of amino groups with 
an increased number of silver ions in the subphase could be attributed to the observed 
increase in the take-off molecular area at these particular concentrations.  A second 
phenomenon observed was an increased stability afforded to the HBP by the presence of 
AgNO3 in the subphase as indicated by the increased pressure of monolayer collapse (Figure 
8-2).  Monolayer collapse was observed to occur at a surface pressure of 68 mN/m when the 
concentration of AgNO3 was 5 mM, which was in contrast to the 54 mN/m collapse pressure 
measured when the subphase was Nanopure water. Similar stabilization effects were 
reported previously for amphiphilic block-copolymers.36 
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Figure 8-2. pi-A isotherms of HBP on subphases with different aqueous AgNO3 
content.  Straight lines are drawn to show limiting cross-sectional area for two limiting cases 
only. 
 
Morphology of silver-containing monolayer was affected by the amount of AgNO3 
in the subphase.  Series of experiments were conducted with concentrations: 0.1, 1 and 5 
mM AgNO3.  After 7 and 24 hours on a subphase of 5 mM AgNO3, larger aggregates of 
nanoparticles up to 100 nm across were observed (Figure 8-3 a, b).  When the concentration 
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was decreased to 1 mM AgNO3, the nanoparticle size shifted to smaller values for both the 7 
and 24 hour experiments (Figure 8-3 c, d).  The histogram of nanoparticle heights shows the 
average height of 2.6 ± 0.9 nm (Figure 8-4 a).  When the concentration of AgNO3 was 
further decreased to 0.1 mM, the concentration of nanoparticles increased (Figure 8-3 e and 
f).  The average height of these nanoparticles was 2.5 ± 1 nm for longest adsorption time 
(Figure 8-4b, 8-5b).  Typical nanofibrillar morphology of the HBP monolayer was clearly 
visible every time but generally, a little correlation was observed between nanofibrillar 
structures and nanoparticle locations.   
 
HBP monolayer was also deposited onto Formvar-covered TEM greed (PELCO), 
after 7 hour exposure on subphase of 0.1mM AgNO3. TEM image of this sample in Figure 
5a shows relatively low density of silver nanoparticles.  A histogram of diameter distribution 
(Figure 8-5b) compiled from the TEM image revealed that the distribution of diameters was 
similar to the height distribution determined by AFM (Figure 8-4b) for similar experiment, 
generating virtually identical diameter of 4.0 nm.  This result indicates that the nanoparticles 
formed from the subphase were in fact true nanospheres with diameters ranging from 2 to 4 
nm at most conditions.  On the other hand, the density of nanoparticles for the identical 
monolayer was much greater on TEM images than that revealed by AFM indicating that a 
significant portion of nanoparticles was screened by the polymeric monolayer with effective 
thickness of 2-4 nm.25  
 
8.4.2. X-ray scattering study 
In order to gain insight into the formation of these nanoparticles at the air-liquid 
interface, X-ray scattering measurements were conducted directly for the Langmuir 
monolayer at the water subphase.  Kinetic GID studies of the HBP on a subphase of 5 mM 
AgNO3 were preformed over a period of 12 hours while the surface pressure was held 
constant at 10 mN/m.  This pressure was targeted because previous studies of the HBP at the 
air-liquid interface indicated that the HBP’s terminal alkyl tails exhibited the ordered 
hexagonal packing at this pressure.26  
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Figure 8-3. AFM topographical images of HBP-nanoparticle LB monolayers as both 
time and concentration are varied.  Height scale of all images is 10 nm. 
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Figure 8-4. Representative examples of histograms of particle heights observed in 
AFM images:  (a) 1 mM AgNO3, 7 hr experiment; (b) 0.1 mM AgNO3, 7 hr experiment; (c) 
0.1 mM AgNO3 24 hr experiment. 
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Figure 8-5.  TEM analysis of silver nanoparticles: a) micrograph of sample 
fabricated using 0.1 mM AgNO3 in the subphase for a seven hour period of time.  Scale bar 
is 100 nm; b) particle size distribution histogram calculated from TEM image. 
 
After 2.5 hours at AgNO3 subphase, two diffraction peaks were observed on GIXD 
scans (Figure 8-6a).  The first peak, at a Qxyz = 14.6 nm-1, was previously shown to 
correspond to the limited hexagonal ordering and tilting of the HBP’s alkyl tails in the [10] 
direction of the two-dimensional lattice.  However, the correlation length for intramonolayer 
ordering was less than that observed in previous studies of the HBP on water (5 nm),26 being 
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only 2 nm.  This decrease indicates more disordered state of the alkyl chains in the presence 
of the silver nanoparticles.  The second peak was observed at a Qxyz = 26.5 nm-1.  By 
relating the Qxyz to the d-spacing, which had a value of 0.240 nm, this peak can be assigned 
to the (111) reflection which is the strongest reflection of fcc unit cell of silver crystal 
lattice.37  Limited ordering of the silver lattice was observed as the crystallite size was only 1 
nm.   
 
 
Figure 8-6. GID data of Langmuir monolayer on a subphase 5mM AgNO3 at 
different times. (a) and pressures (a). β=2.25 for both (a) and (b).  Data is offset for clarity. 
 
After 5.5 hours at AgNO3 subphase, a disruption of the hexagonal ordering of the 
alkyl tails occurred as indicated by the decreased intensity of the (10) peak and lower 
correlation length (1.7 nm) (Figure 8-6a).  Furthermore, during this same period of time, we 
observed significant increase in intensity of 0.240 nm peak.  The (111) peak of silver crystal 
lattice was observed to become not only more intense but also refined.  The size of silver 
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particle crystal lattice slightly increased to 1.3 nm which was close but lower to nanoparticle 
diameter evaluated from AFM data and indicates limited internal long-range order with 
significant defect presence.  Two new distinct sharp peaks appeared in the data as well 
(Figure 8-6a).  These two peaks, occurring at Qxyz = 19.7 nm-1 and Qxyz = 22.4 nm-1 
corresponded to d-spacings of 0.32 and 0.28, respectively.  These peaks are an indication of 
a directional growth of orthorhombic AgNO3 crystals beneath the Langmuir monolayer.  The 
reflection planes observed can be assigned to the (210) plane for the peak at Qxyz = 19.5 nm-1 
and to the (113) plane for the peak at Qxyz = 22.4 nm-1.38   The crystallite size in the direction 
of the (210) peak was 17.3 nm while that in the (113) direction was reaching 15 nm (Table 
8-1).  The phenomenon of directional growth of an inorganic phase under an amphiphilic 
monolayer at the air-liquid interface has been observed before.39  However, this growth 
primarily occurred from a supersaturated solution of the inorganic salt.  In contrast, the 
growth and ordering at the air-water interface beneath HBP monolayer occurred from a 
dilute solution of AgNO3.   
 
Table 8-1. GIXD data for crystallite sizes and correlation lengths for different phases. 
 
 
 
 
 
Finally, at longer times, after 12 hours, the HBP alkyl tails situated at the air-
monolayer interface became more disordered as indicated by the disappearance of the (10) 
peak in the data (location of the primary beam was shifted and beam was turned off during 
waiting period to avoid monolayer damage).  Concurrently, the peaks for both AgNO3 and 
silver phases became more intense.  The crystal lattice size reached 25.7 nm (limited by 
instrumentation resolution) in the (210) direction but stayed virtually the same in the (113) 
direction indicating strong preferential growth of AgNO3 crystals in the form of platelets 
(Table 8-1).  The crystal size of silver lattice reached 2 nm which is still slightly lower than 
the nanoparticle diameter determined from AFM on the solid support (around 4 nm).  In 
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addition, no tracks of large crystals observed with AFM at solid substrate indicates that 
during monolayer deposition only nanoparticles embedded into polymer nanostructures were 
transferred. 
 
GID measurements were also conducted to assess the affects of the surface pressure 
(density of the surface molecular packing of hyperbranched molecules) on the growth of the 
inorganic crystals at the air-liquid interface.  For this experiment, the concentration of 
AgNO3 in the subphase remained at 5 mM while the specific pressures targeted were 1, 5 
10, and 20 mN/m which corresponded to different physical state of the monolayers: liquid 
expanded, liquid, and solid (Figure 8-2).18  At a surface pressure of 1 mN/m, only the 
intense diffraction peak from silver nanoparticles (Qxyz = 26.5 nm-1) was observed with no 
indication of alkyl tails ordering as expected for liquid-expanded state (Figure 8-6b).  The 
silver crystallite size was 1.5 nm at this pressure, which was comparable to that observed 
from the previous experiments.  At a pressure of 5 mN/m, the silver nanoparticles became 
larger with a crystal size reaching 2.3 nm.  Furthermore, an initial appearing of the AgNO3 
crystals was indicated by characteristic peaks (Figure 8-6b).  The crystallite size in the (113) 
direction was calculated to be 7.3 nm. 
 
When the pressure was increasing to 10 mN/m (liquid state with denser packing of 
alkyl tails), both the Qxyz = 19.4 nm-1, (210) reflection, and the Qxyz = 22.5 nm-1, (113) 
reflection were observed indicating lattice sizes of AgNO3 crystals of 7.3 nm and 6.1 nm, 
respectively (Figure 8-6b).  The crystallite sizes in the (111) direction for silver 
nanoparticles increased to 3.1 nm.  Under these conditions, the alkyl tails were observed to 
form a limited hexagonal packing.   
 
When the surface pressure was increased to 20 mN/m (solid state of the monolayer 
with dense intra-monolayer packing), the hexagonal ordering of the alkyl tail became 
visible.   The (111) reflection of silver nanoparticles became less refined, exhibiting a 
correlation length of only 1 nm.  This provided the confirmation that the packing of the tails 
and the ordering of silver nanoparticles were related to each other.  Furthermore, the 
disappearance of the ordering of AgNO3 also supported the earlier conclusion that the both 
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silver nanoparticle formation and AgNO3 crystal growth were directly controlled by a 
delicate balance of interfacial interactions controlled by exposure and surface density of 
amine and hydroxyl groups of the core and the level of separation of hydrophobic alkyl tails.  
Only for slightly compressed cores (20% decrease in the surface molecular area) and alkyl 
tails desorbed from the air-water interface accompanying by the initial formation of 
nanofibrillar bundles 26 the balance is reached for adsorption and aggregation of silver ions 
appropriate for silver phase growth. 
 
8.4.3. Chemical composition within LB monolayers 
In order to study evidence of silver nanoparticle formation  in HBP monolayers 
transferred to the solid substrate, XPS was utilized.  For the analysis, one sample which was 
known to contain reduced silver in the HBP monolayer as well one sample which 
represented the HBP-and-silver-crystal system observed in the GIXD experiment were used.  
In addition, a reference sample of the monolayer formed on a subphase of Nanopure water 
was prepared and analyzed under identical conditions to test the possibility of the external 
infusion of the ions or light promoting the formation of silver phase from LB trough. 
 
The observational energy spectrum for each of the samples, with the binding energy 
of the orbitals of observed elements indicated, is presented in Figure 8-7.  Silicon, with an 
Si2p energy of 99.5 eV,40 was used as the reference peak for the data analysis due to its 
abundance in the sample.  A high resolution analysis of the silver binding energy area of the 
spectrum revealed that elemental silver, with a binding energy of 368.2 eV for the 3d5/2 
orbital,41 was present in all samples which were fabricated with silver ions in the subphase 
(Figure 8-8).  The characteristic splitting of the silver 3d peak, with an energy difference of 
about 6 eV, (as reported in the literature42) was observed for the silver energy peak in all 
silver-containing samples studied.   
  
141 
 
Figure 8-7. XPS observational energy spectra for LB monolayers (incident angle of 
45o): (a) subphase of 5 mM AgNO3; reduced after deposition with 1mM NaBH4; (b) 
subphase of 5 mM AgNO3; no reducing agent used; (c) subphase of H2O. 
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The presence of silver in the sample which was prepared without an additional 
reducing confirmed the GIXD data in that the growth of silver nanoparticles was occurring 
at the air-liquid interface.  Remarkably, we detected no tracks of silver-related peaks along 
the a peak indicating the presence of the amine groups for purely polymeric HBP monolayer 
obtained at the Nanopure water subphase under identical conditions (Figure 8-8e,f).  This is 
strong indication that neither external factors surrounding our experiments at the LB trough 
can contribute into the appearance of silver phase.  Moreover, all results from three different 
surface-sensitive techniques obtained here at three independent troughs were very 
consistent, thus, again, confirming that the phenomenon observed is related to inherit 
characteristic of polymer monolayer-metal nanoparticles system.  It is important to note also 
that the data revealed that a peak for AgNO3, with a binding energy of 406.6 eV,43 did not 
appear in the analysis for any of the samples in the study (Figure 8-7).  This result indicates 
that as was suggested from comparison of X-ray data at air-water interface and AFM data at 
solid supports the AgNO3 crystals were formed in the water subphase and were not 
transferred to the solid substrate.  Thus it can be certain that the nanoparticles observed with 
AFM are composed of Ago and not AgNO3.  
 
8.4.4. Effect of electrolyte 
Modest concentration of silver nanoparticles in observed in LB monolayers was not 
sufficient to hypothesize about preferential absorption or templating on HBP.   The silver 
nanoparticles at various subphase concentrations of AgNO3 appeared to be evenly 
distributed within the LB monolayer regardless of clearly visible nanofibrillar morphology 
of HBP (Figure 8-3).  In recent publication by Tian and coworkers that addition of KCl on 
promoted absorption of silver colloids in LB monolayers. 44  This effect was due to reduced 
sorption energy barrier at air-water interface which caused more particles to aggregate at the 
interphase. In this study AgNO3 is always present in the subphase; therefore KNO3 was 
utilized as electrolyte to insure more efficient nanoparticle aggregation at the air-liquid 
interface.  
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Figure 8-8. Binding energy spectra of LB monolayers formed on various subphases. 
(a) Ag3d: HBP on 5 mM AgNO3, reduced after transfer. (b) N1s: HBP on 5 mM AgNO3, 
reduced after transfer. (c) Ag3d: HBP on 5 mM AgNO3, no reduction agent used. (d) N1s: 
HBP on 5 mM AgNO3, no reduction agent used. (e) Ag3d: HBP on water. (f) N1s: HBP on 
H2O. 
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Figure 8-9. AFM topographical images for LB monolayers obtained with addition of 
22 mM KNO3 to: (a) subphase 5 mM AgNO3 7 hr (z-scale is 10 nm). (b) subphase 0.1 mM 
AgNO3 and for 7 hr experiment (z-scale is 8 nm); (c) 3-D AFM image showing how 
particles follow nanofibrils. 
 
AFM images of LB monolayers prepared with addition of 22 mM KNO3 to 0.1 mM 
and 5 mM AgNO3 (Figure 8-9) after 7 hour exposure showed bead-like aggregation of silver 
nanoparticles along HBP nanofibrils.  The longest linear aggregates of nanoparticles were 
observed to be templated by the HBP monolayer when the subphase was 5 mM AgNO3. The 
nanoparticles actually punctuate the nanofibrils in several places; however, the fibrils 
continued uninterrupted on the opposite side of the particle.  This behavior suggested that 
the nanoparticles may be embedded into nanofibrils (Figure 8-10) by a chemical 
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complexation between the silver atoms and the terminal NH2 groups, thus facilitating the 
hydrogen bonding necessary for the nanofibril formation.26   
 
 
 
Figure 8-10.  Top: Cartoon suggesting several different ways the nanoparticles may 
be templated by the molecular structures: small diameter nanoparticles trapped inside the 
amine-hydroxyl cores, large particles suited between micelles, and discoid nanoparticles 
exposed at disordered regions. Bottom: nanoparticle arrangement along the individual 
nanofibril. 
 
It appears that molecular structure of HBP monolayers also provides also the 
mechanism of size regulation of the silver nanoparticles particles, somewhat similar to a 
known model for dendritic molecular nanoreactors.14  The smaller silver nanoparticles may 
have formed in the hyperbranched cores surrounded by the alkyl shell, thus constraining 
their growth and limiting their size (Figure 8-10).  Formation of small nanoparticles in these 
“trapped” regions would have caused minimal increase in the limiting cross-sectional area in 
the pi-A isotherm, which was observed.  The larger particles, on the other hand, could have 
attained their increased size due to a less-constrained growth surface area at the air-liquid 
interface between the neighboring nanofibrils and their bundles (Figure 8-10).   
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8.4.5. Post-transfer treatments 
The templating ability of the nanofibrillar morphology was further tested using 
aqueous 1 mM NaBH4 as a reducing agent after LB transfer.  Chemical structure of HBP is 
stable in presence of NaBH4 is a known mild reducing agent and it did not react with HBP, 
but it often used for reducing synthesis of nanoparticles.  This technique was chosen in order 
to reduce any ions which might have been present in the monolayer after transfer.  LB 
monolayer was deposited as usual after 7-hour exposure to 5 mM AgNO3 as a subphase onto 
silicon substrate.  After that the sample was dipped into reducing solution and was quickly 
rinsed with NanoPure water to remove any excess reducing agent and dried under nitrogen.  
Using this treatment, a higher concentration of small nanoparticles having an average height 
of 2.6 ± 0.6 nm were revealed (Figure 8-11a).   
 
Often nanoparticles form long train-like groups stretching over 100 nm.  However, 
the nanofibrillar morphology of the HBP appeared to have been completely disordered by 
rinsing in liquids.  Furthermore, the increased density of nanoparticles indicated that a large 
number of silver ions and their clusters were present in the monolayer “hidden” under the 
topmost layer of alkyl tails (Figure 8-10).  However, if a large number of nanoparticles had 
formed between adjacent HBP molecules under the canopy of alkyl tails, the rearrangement 
of the alkyl tails after treatment with NaBH4 would have caused them to become more 
visible in tapping mode AFM scanning sensitive mainly to the topmost surface layer.  
Moreover, a careful analysis of the dimensions of these nanoparticles preformed with a 
calibrated AFM tip shape revealed that the width of the nanoparticles was significantly 
larger than their heights.  Thus, these nanoparticles were predominantly platelets or disks 
lying parallel to the solid surface as suggested in a cartoon in Figure 8-10.  Moreover, 
similar treatment with Nanopure water which completely disrupts the nanofibrillar 
morphology revealed a number of anizodiametric nanoparticles for AFM scanning as well 
(Figure 8-11).   
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Figure 8-11.  AFM images showing surface morphology of LB monolayers 
transferred from a high concentration subphase (5 mM AgNO3) after post-deposition 
treatment: (a) and (b) rinsed with NaBH4;  (c) and (d) rinsed with H2O.  The height scale is 
10 nm. 
 
8.4.6. Nanoparticle formation mechanism 
In a search for interpretation of the results obtained here, we analyzed metal-
catalyzed oxidation processes in proteins.45  Metal ions are considered “caged” or site-
specific reactions in which amino acid residues at ligand sites are specifically targeted.  
However, several complex reactions may take place simultaneously which cause the direct 
elucidation of the complete process to be complex. 46  The amine groups can attract silver 
ions due to the ion’s high electron affinity.  The local increase in the concentration of silver 
a 
1 µm 
c
1 µm 
b 
200 nm 
d 
200 nm 
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ions at the amine groups, coupled with their weak oxidizing potential, can catalyze their 
oxidation, as has been shown previously.47  It was theorized that the silver underwent a 
cyclic process of reduction and oxidation due to the other oxidizing species present in the 
reaction.  The coordination number of a silver atom, 4, would allow for a tetrahedral 
coordination complex to form between neighboring silver ions and/or amine groups.  
Terminal-amine group oxidation process induced by the localized increase in silver 
concentration is presented in (1) of Scheme 8-1.  The reaction products are two metal silver 
atoms and the oxidation of the amine to an imine.  Next, spontaneous hydrolysis of the 
unstable imine group occurs.  The oxidation product is ammonia (NH3) and an aldehyde 
(step (2)).  Step (3) presents the well-known oxidation of an aldehyde to carboxylic acid by 
ionic silver.  This reaction is known as Tollen’s reaction in carbohydrate chemistry and a 
reaction which has been used for the silvering of mirrors.48  In this step, silver complexes 
with ammonia to form Ag(NH3)+ which can be reduced by the aldehyde group.  Therefore, 
for each terminal-amino site, the generation of four reduced silver atoms participating in the 
formation of silver nanoparticles might result.  Thus, a single hyperbranched core with 14 
amine groups can reduce 64 silver atoms which can occupy a volume with an effective size 
of 1 nm.  Considering our experimental results, we can suggest that on average cores 2-3 
adjacent molecules participate in the formation of a single nanoparticle. 
(1)
(2)
(3)
NH2 +  2 Ag+ NH
NH +  H2O +  NH3
C
O
+ 2 Ag+  +  H2O
+  2 Ag(0) + 2H+
+  2 Ag(0) + 2H+
H
C
O
H
O
OH
 
Scheme 8-1: Redox Reaction for the Formation of Metallic Silver  
 
8.5. Conclusions 
 Now we demonstrated how hyperbranched amphiphilic polymer capable to self-
assemble into semicylindrical nanofibers in LB monolayers can be developed into a 
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macromolecular scaffold for synthesis of silver nanoparticles. In fact spontaneous reduction 
in LB monolayers gives monolayers of small nanoparticles, 2-4 nm in diameter with narrow 
distribution curve. The coupled constraints of the air-liquid interface and the unique 
morphology of the multifunctional hyperbranched polymer controlled the growth of silver 
nanoparticles with dimensions of 2-4 nm.  The overall size of the silver nanoparticles was 
controlled and did not exceed the size of the spread hydrophilic core exposed to the 
monolayer-water interface (3-4 nm).   
 
Silver nanoparticle formation reported here was suggested to occur via the known 
mechanism of oxidation of primary amine groups by silver catalysis and facilitated by 
“caging” of silver ions within surface areas dominated by the multibranched cores.  This 
system provides the example of a one-step process in which hyperbranched molecules with 
alkyl tails desorbed from the monolayer-water interface and slightly compressed amine-
hydroxyl cores directly mediated the formation stable nanoparticles which are placed 
along/among/beneath the semi-cylindrical micelles. 
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Chapter 9 
General conclusions 
 
It is generally assumed that because of inherited globular shape and branched 
structure HBP and dendrimers are expected to be amorphous. The formation of long, 
uniform, nanofibers and nanoribbons with truly molecular lateral dimensions are common 
for low-molar mass ionic surfactants but is a rare even for highly branched polymeric 
molecules.  A fine balance of weak intermolecular interactions was considered to be crucial 
for the formation of these fragile surface micellar structures.   
 
Unlike micelles formed by conventional surfactants are easily disrupted with modest 
forces the core-shell architecture of the amphiphilic hyperbranched molecules synthesized 
here shaped one-dimensional supramolecular nanofibrillar structures in a unique and very 
stable way.  The multiple intermolecular hydrogen bonding and polar interactions between 
the flexible cores stabilized these nanofibers and made them robust albeit flexible.  In fact, 
they are extremely stable during transfer, under high compression and dry conditions, are 
not disrupted by scanning with high forces, and are extending uninterrupted over many 
microns. 
 
In this thesis summarized is study of a series of amphiphilic hyperbranched polymers 
with various terminal groups: alkyl tails, amino, and carboxyl groups total 10 molecules 
were synthesized and studied.  The effect of the pendant groups’ chemical composition on 
the resulting surface morphology within LB monolayers in respect to their ability to form 
nanofibrillar surface structures was investigated. We demonstrated that the amphiphilicity of 
the polyester core with 64 hydroxyl groups can be achieved if a fraction of alkyl tails (C15) 
is higher than ¼. Nanofibrillar morphology was consistently formed as the highly polar 
functional groups were added to the polyester cores in combination with a significant 
(>30%) fraction of alkyl terminal groups. Adding amino end groups was observed to be 
much more effective in the promotion of nanofibril assembly than the addition of carboxyl 
end groups. 
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We observed that all alkyl, amino-alkyl, and carboxyl-alkyl substituted 
hyperbranched polyester cores with 64 terminal branches display amphiphilic properties and 
form stable Langmuir monolayers at the air-water interface.  Decreasing the fraction of the 
alkyl tails to about 30% brings the compounds on the verge of unbalanced hydrophilic-
hydrophobic interactions with a slight increase in core polarity making molecules soluble in 
the water sub phase.  Addition of polar and hydrogen bond-making terminal groups to the 
polyester core promotes the formation of nanofibrillar morphology with few (<15%) amino 
groups resulting in well-defined and long individual nanofibrills and their bundles.  A large 
amount of carboxyl groups (40%) promotes the formation of imperfect and poorly 
developed fiber-like structures within LB monolayers. 
 
Internal organization of these stable nanofibers with a hydrophilic inner core and 
hydrophobic shell makes them an intriguing candidate for the templating of inorganic wired 
nanostructures similarly to that already demonstrated for rigid molecules.  However, we 
believe that these flexible branched molecules can be much more versatile than complex 
molecules proposed earlier because their straightforward synthesis which could be adapted 
to produce significant quantities exceeding minute amounts of regular amphiphilic 
dendrimers and other complex shape persistent molecules available.   
 
The multifunctional character of hyperbranched molecule with hydroxyl and amine 
groups in the hydrophilic polyester core combined with hydrophobic alkyl shell was 
observed to provide the necessary balance in assisting silver ion adsorption from the water 
subphase.  The formation of silver nanoparticles under/within the monolayer filled with 
nanofibrillar bundles of semi-spherical micelles from hyperbranched molecules was 
observed occurring without the use of external reducing agents or post-deposition treatment 
step.   
 
In fact, we revealed that the coupled constraints of the air-liquid interface and the 
unique morphology of the multifunctional hyperbranched polymer controlled the growth of 
silver nanoparticles with dimensions of 2-4 nm.  The overall size of the silver nanoparticles 
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was controlled and do not exceed the size of the spread hydrophilic core exposed to the 
monolayer-water interface.  The one-step preparation technique described here is suitable 
for generation of silver nanoparticles contrasts those reported previously.  While the use of 
amphiphiles such as stearic acid have been previously reported for the generation of 
nanoparticles, in general the use of low molar weight surfactants at the air-liquid interface 
has been reported via a multi-step process of capturing and reducing ions.  The example of 
silver nanoparticle formation reported here was suggested to occur via the known 
mechanism of oxidation of primary amine groups by silver catalysis and facilitated by 
“caging” of silver ions within surface areas dominated by the multibranched cores.  This 
system provides the example of a one-step process in which hyperbranched molecules with 
alkyl tails desorbed from the monolayer-water interface and slightly compressed amine-
hydroxyl cores directly mediated the formation stable nanoparticles which are placed along 
the semi-cylindrical micelles and partially embedded in them. 
 
Moreover, findings of this research question the current paradigm which calls only 
for well-defined, shape-persistent, and rigid molecules with a precise placement of 
functionalized groups as the building blocks for one-dimensional supramolecular 
nanostructures.  Indeed, we have found that the amplification of weak, directional 
interactions facilitated by the presence of multiple peripheral branches of even irregular, 
flexible molecules can lead to their efficient self-assembly into remarkably stable and 
uniform nano- and microfibrillar structures.  Demonstrated is here feasible approach to 
fabricate amphiphilic hyperbranched polymers with multiple functional groups that will be 
able to assemble in nanofibrillar aggregates.  Important requirements for building 
amphiphilic self-assemblies from hyperbranched molecules, include large but flexible core, 
and heterofunctional outer shell with present hydrophobic groups and also few ionic groups.  
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Appendix 
Supporting information for Chapter 4 
 
Materials  
All other chemicals used in this work were purchased from Aldrich and used without 
further purification. Hyperbranched polyester Boltorn H40 was obtained from Perstorp 
Polyols AB, Sweden. The initial polydispersity of commercially available hyperbranched 
polyester used here was 1.88. Thus, before the modification procedure the commercial 
product was purified to remove low molar weight fractions.  
 
Fractional precipitation of hyperbranched polyester core 
10 g of commercial Boltorn H40 polyester was dissolved in 100 ml of acetone. 
Under vigorous mixing 100 ml of ethyl ether was added slowly to the polymer solution. 
After 12 hours precipitated polymer was filtered and washed twice with mixture 
acetone:ether (1:1). Typical 50% yield of the raw hyperbranched polymer with Mn ~ 6100 
and the polydispersity of 1.35 (GPC data results, which underestimate actual values).  
 
Functionalization of hyperbranched core 
The esterification was conducted according to Scheme 1. The esterification of 
terminal OH groups was conducted in two steps using standard procedures. Compound 1 
was obtained from precipitated Boltorn 40 (BH40-pr) via esterification with palmitoyl 
chloride according to procedure described elsewhere.1 Compound 2 was synthesized from 
compound 1 by esterification with Boc-6-aminocaproic acid in pyridine in the presence of 
1,3-dicyclohexylcarbodiimide (DCC) according to Homberg procedure.2 Compound 3 was 
obtained after removal of tert-butoxycarbonyl (BOC) protecting group from compound 2 
according to procedure described by Ihre et al by hydrolysis in mixture of CH2Cl2 and 99% 
trifluoroacetic acid (TFA).3  
 
The esterified polyesters were obtained as waxy solids. The products were purified 
by column gel-chromatography. The total molecular weight of the final product was 
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estimated to be close to 16000 with the modest polydispersity of 1.35. Compounds were 
characterized by FTIR, GPC, 1H-NMR, and 13C-NMR.  
 
It is worth noting that these and other numbers presented and discussed here (Figure 
1) as well as chemical structure should be considered only as averaging for irregular 
hyperbranched architectures as was discussed in numerous publications specifically devoted 
to this issue. 4,5  For example, it has been demonstrated that the degree of branching is 
usually within 0.4-0.43 for different fractions of the polyester core but the level of internal 
cyclization is very low. The number of the terminal hydroxyl groups can be well below 64 
expected for theoretical model for low molar weight fractions (below 30) but for higher 
molar weight fraction it is very close to the expected number (63).6 The number average 
molecular weight of the fraction used in this work was closer but slightly higher than the 
high molar weight fraction studied in Ref. 6, we suggest that the actual number of the 
terminal groups in the initial core was close to 64. 
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Scheme A-1. General schematic of the chemical modification.  
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13C NMR and 1H NMR data indicated that the chemical composition and the 
branching structure of the core polyester BH40-pr was virtually identical to literature data 
for commercial polyester Boltorn H40. The degree of branching was calculated using 
integrated intensities of the 13C NMR peaks assigned to different monomeric units, 
according to procedure described previously by Hawker et al.7 Quaternary carbons of the 
dendritic, linear, and terminal units can be distinguished by the chemical shifts of 46.91 
ppm, 48.93 ppm, and 50.92 ppm. The degree of polymerization was estimated from 1H 
NMR and 13C NMR data, according to procedure by Zagar.6 In summary, according to these 
calculations: the degree of branching of the hyperbranched polymer after purification was 
0.4; the average number of monomeric units (the degree of polymerization) was 60, and the 
number average molecular weight was 7800.  
 
The number of alkyl groups (about 50) in molecule 3 was determined from 13C NMR 
spectra from the ratio of the integral intensities of the peaks of the methyl group of the 
palmitic acid group (14.3 ppm) and methyl group of the poly bis-(PMA) (17.8 ppm). 
Similarly, the number of boc-6 aminocaproic acid groups (about 14) per molecule 2 was 
estimated from peaks at 17.8 ppm and 28.6 ppm, assigned to methyl group of the poly bis-
(PMA) and to methyl groups of the tert-butoxycarbonyl protective group. 13C NMR and 1H 
NMR spectra of the compound 3 confirm removal of the protective Boc group and exhibit 
all peaks typical for chemical structures of the core and functional groups. Therefore, the 
final amphiphilic molecule with the total molecular weight of 22200 is presented in Figure 1 
and contains about 50 alkyl tails, about 14 amine groups, and traces (1-2) of hydroxyl 
groups. 
 
Chemical characterization  
Gel permeation chromatography (GPC) measurements were carried out to monitor 
trends in the variation of molecular weight and PDI as measured against polystyrene 
standards. These measurements were conducted in THF solution using a Waters Breeze 
1500 system.  
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1H NMR and 13C NMR spectra were recorded on Varian VXR 300 MHz 
spectrometer with the solvent proton signal as the internal standard.   
 
Fourier transform infrared (FTIR) measurements were conducted on a Shimadzu 
8300 spectrometer in attenuated total reflection (ATR) mode. 
 
 Fabrication of the surface structures 
The substrates for molecule deposition were atomically polished silicon wafers of the 
[100] orientation (Semiconductor Processing, Co.). Silicon wafers were cleaned by a 
“piranha” solution as described elsewhere.8 Silicon substrates were cut in pieces of 15 by 20 
mm for Langmuir Blodgett (LB) deposition. The hyperbranched polyesters were dissolved 
in chlorophorm and LB monolayer deposition was conducted using a LB trough (R&K, 
Germany). 15 µL of a dilute solution in chloroform was deposited onto the Nanopure water 
(18 Mom cm) surface. The concentration of a solution was 0.064 mmol/L. Barriers on both 
sides of the trough applied equal loads and compressed at the rate of 50 µm/s. The 
monolayers were deposited onto the silicon substrates at different surface pressures.  
 
Sample characterization  
The effective monolayer thickness at the silicon substrate was measured by a 
Compel automatic ellipsometer (InOm Tech, Inc.) with the literature values of refractive 
indices.9 In this study, independent measurements conducted for 5-6 locations. 
 
A static contact angle (sessile droplet) measurements were conducted by using a 
custom-designed optical microscopic system.   
 
For X-ray reflectivity and grazing incident diffraction measurements, 
monomolecular films were prepared by the Langmuir technique on a temperature controlled, 
Teflon trough.  To reduce the background scattering and oxidation of the monolayer the 
trough was placed in a helium-filled chamber for the duration of the experiments.  
Monolayer preparation for synchrotron studies has been previously described in detail.10  A 
combination of XGID (in-plane and rod-scans) and X-ray reflectivity experiments were 
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conducted on a liquid-surface X-ray spectrometer at the 6ID beam line at the Advanced 
Photon Source synchrotron at Argonne National Laboratory according to the usual 
procedure.11,12,13  Experimental setup and details regarding the X-ray reflectivity and XGID 
are described in a previous publication.10  A downstream Si double crystal monochromator 
is used to select the x-ray beam at the desired energy (λ=0.0772 nm). 
 
Table A-1.  Parameters for box models of hyperbranched at the air-water interface. 
Pressure (mN/m) 0 2 5 10 20 
First Box Thickness (nm) 0.66 0.80 0.83 - - - - 
First Box Electronic Density (x103 e/nm3) 0.30 0.31 0.31 - - - - 
Second Box Thickness (nm) 1.50 1.43 1.30 1.32 1.20 
Second Box Electronic Density (x103 e/nm3) 0.39 0.40 0.41 0.45 0.44 
Third Box Thickness (nm) 0.87 0.93 0.86 0.99 1.31 
Third Box Electronic Density (x103 e/nm3) 0.12 0.12 0.14 0.16 0.20 
Surface Roughness (nm) 0.282 0.283 0.330 0.382 0.313 
Total Length (nm) 3.03 3.16 2.99 2.31 2.51 
 
The monolayers on a silicon surface were studied with atomic force microscopes 
(AFM) Dimension 3000 and Multimode (Digital Instrument, Inc.) in the tapping mode 
according to an experimental procedure described earlier.14 The imaging was performed in 
the regime of the “light” tapping to avoid damaging of the monolayers.  
 
The shape of the AFM tip ends with a carbon nanotube was evaluated by scanning a 
reference specimen of gold nanoparticles with a diameter of 3-5 nm according to the known 
procedure. 14 The collected images were processed with either direct deconvolution of the 
tip shape by the mathematical morphology routine or with a simplified semi-spherical 
approximation to deduct the tip radius (in the range of 5-10 nm).  
 
Molecular modeling was performed with the Materials Studio program. The 
molecular models built were primary used for the visualization of the molecular shape, the 
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feasibility test, and the estimation of the most probable molecular dimensions in a relaxed 
conformation after minimizing the overall energy. For the model with separate packing of 
the polar core and alkyl tails, the core in a flattened conformation was used, and the alkyl 
branches were added in a predominantly vertical position before dynamic mechanics and 
energy minimization were executed. 
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Figure A-1. Theoretical chemical structures of the molecules 1 (bottom) and 3(top) 
studied here is entirely based on the degree of branching and chemical composition derived 
from NMR data. 
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Figure A-2. 1H-NMR (a) and 13C NMR (b, enlarged region of tertiary methylene 
peaks from dendritic, linear, and terminal units) spectra for the fractionalized polyester core, 
BH40-pr in d6-DMSO. 
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Figure A-3. 1H-NMR (a) and 13C NMR (b) spectra of compound 1 in CDCl3. 
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Figure A-4. 1H-NMR (a) and 13C NMR (b) spectra of compound 2 in CDCl3. 
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Figure A-5. 1H-NMR (a) and 13C NMR (b) spectra of compound 3 in CDCl3. 
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Figure A-6. FTIR spectra of the initial fractionalized polyester core, intermediate 
product 1, and the final molecule 3. 
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Figure A-7. GPC data of initial polyester core (as received and after fractionation), 
intermediate products, and the final product molecule 3. 
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Figure A-8. The effective thickness of LB monolayers of amphiphilic hyperbranched 
polyester (3) measured by ellipsometry. 
 
Figure A-9. Langmuir π-area isotherm of compounds 3 and 1 and the unmodified 
core. 
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